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ABSTRACT 
 
 
 Perchlorate (ClO4-) is a highly inert endocrine disrupting contaminant that is ubiquitous in drinking 
water sources. Efficient and sustainable technologies are needed to treat ClO4- in drinking water and ion 
exchange (IX) waste brine. This thesis study focuses on the development, mechanistic study and 
application of novel bimetallic heterogeneous catalysts combining oxophilic rhenium (Re) species with 
metallic palladium (Pd) nanoparticles on activated carbon support materials (Re-Pd/C).  
An oxorhenium(V) complex, Re(O)(hoz)2Cl (hoz = 2-(2’-hydroxyphenyl)-2-oxazoline), is 
synthesized as the precursor for a highly active metal center for oxygen atom transfer (OAT) reaction with 
ClO4-. Aqueous immobilization of Re(O)(hoz)2Cl into Pd/C yields the hybrid catalyst Re(hoz)2−Pd/C, 
which shows the highest activity reported to date for reducing aqueous ClO4- to Cl- at room temperature 
using 1 atm H2. Re speciation and reaction mechanisms at the heterogeneous water-catalyst interface, 
including redox transformation, reactivity with ClO4- and decomposition of the immobilized Re complex, 
are systematically studied. Meanwhile, the structure-activity relationship of Re(O)(hoz)2Cl isomers is 
investigated. Based on the studied isomer formation mechanism, a facile synthetic strategy for converting 
the less reactive N,N-cis Re(O)(hoz)2Cl to the more reactive N,N-trans isomer is established. The kinetics 
and stability of Re(hoz)2−Pd/C catalyst in practical water matrices are also studied.  
With the aim of recycling perchlorate-contaminated waste IX regenerant brines, a salt-resistant 
ReOx−Pd/C catalyst prepared from perrhenate (ReO4-) precursor is used to treat ClO4- in waste brine 
collected from a water treatment plant from California. Deactivation of ReOx−Pd/C in the waste brine is 
prevented by implementing a sequential treatment strategy where nitrate (NO3-) is first reduced first by an 
indium (In)-based Pd catalyst. Results from these studies demonstrate the promise of developing 
bimetallic catalysts combining a hydrogenation metal and a secondary promoter metal to facilitate 
reduction of recalcitrant oxyanion contaminants. 
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CHAPTER 1 
 
INTRODUCTION AND LITERATURE REVIEW 
 
 
1.1 Introduction 
Perchlorate (ClO4-) is an endocrine disrupting compound that can impose deleterious effects on 
thyroid gland function. The size and charge distribution of ClO4- are similar to iodide (I-), which is 
essential for the thyroid gland to produce iodo-containing thyroid hormones. Ingestion of perchlorate can 
thus affect iodide uptake. Perchlorate has been used for treating hyperthyroidism; it can also disrupt the 
normal thyroid hormone level and negatively affect the metabolism and development of fetuses and infant 
children.1-3 Due to the manufacturing and use of explosive materials, application of Chilean nitrate 
fertilizers and natural processes such as atmospheric reactions and deposition,4-6 ClO4- has been detected 
in groundwater7-12 and tap water3 in large areas of U.S. Detection of ClO4- in human breast milk13,14 and 
agricultural products including dairy milk,14-16 fish,17 and vegetables and fruits18-22 have also been reported 
throughout the world. 
A variety of treatment methods including physical, chemical and biological approaches have been 
proposed or used in practice for perchlorate removal from drinking water sources and site 
remediation.23,24 Ion exchange (IX) is the most widely applied drinking water treatment technology for 
ClO4-.(REF) However, this process does not destroy ClO4-; The perchlorate-loaded IX resin must either be 
disposed of off site or regenerated by flushing with concentrated salt brine, a process that produces a 
secondary waste stream enriched in ClO4- that requires further treatment.25 Small point sources may also 
have perchlorate-containing solution requiring treatment before discharge. An efficient chemical process 
for ClO4- reduction to chloride (Cl-) would be desirable. Compared with biological treatment methods,25-31 
chemical treatment may have higher operational flexibility; it can be operated intermittently, require less 
maintenance and raise no public concerns over microbial contamination of the treated water. Although 
ClO4- reduction is thermodynamically highly favorable, reported reactions with most stoichiometric 
reductants, including metallic32-35 or ferrous36,37 iron and titanium(III),38-40 are very slow under ambient 
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conditions. Because of its kinetic inertness, harsh conditions (e.g., pressurized heating and concentrated 
acid) or large excess of reagents are often required to ensure a timely conversion of ClO4- to Cl-.   
 
1.2 Re−Pd Catalysts for Perchlorate Reduction  
Pd nanoparticles immobilized on alumina, activated carbon and other supports are active 
heterogeneous catalysts for treatment of many water contaminants, including halogenated organics (e.g., 
chlorinated aromatics,41,42 chlorinated alkanes and alkenes,43-46 iodinated X-ray contrast agents47), nitroso 
compounds (e.g., N-nitrosodimethylamine48), and oxyanions (e.g., bromate49,50, chlorate,49 nitrite51). 
However, Pd-only catalysts, as well as other hydrogenation metal catalysts, show little or no reactivity 
with perchlorate52 due to the kinetic inertness of ClO4-.  
High-valence oxo species of several late transition metals, such as ruthenium (Ru),53 osmium (Os),54 
molybdenum (Mo),55,56 tungsten (W)57,58 and rhenium (Re)59-61 have been known as active homogeneous 
catalysts in ClO4- reduction. Under conditions not suitable for water treatment (e.g., concentrated acid, 
toxic reductants or organic solvent), oxygen atom transfer (OAT)62 from ClO4- to the metals leads to the 
stepwise reduction of ClO4- to Cl- (Figure 1.1). Abu-Omar and Espenson53,54 found that 
methyldioxorhenium (MDO), generated from reduction of methyltrioxorhenium (MTO) by 
hypophosphorous acid (H3PO2), could catalytically reduce ClO4-, NO3-, ClO3-, BrO3-, etc. via OAT 
reactions in aqueous phase.59,60 Later, Abu-Omar and coworkers61 reported the excellent ClO4- reduction 
activity of an oxorhenium(V) complex, Re(O)(hoz)2Cl, [hoz = 2-(2’-hydroxyphenyl)-2-oxazoline, 4 in 
Figure 1.2]63 with organic sulfides as the reductant in acetonitrile solution. For practical water treatment, 
no new chemicals, including organic solvents or any byproducts, should be introduced to water.  
Shapley and coworkers64 combined the advantageous properties of Pd hydrogenation catalysts with 
the OAT activity of Re. A bimetallic Re-Pd/C catalyst was developed by immobilizing ReVII species, 
MTO and ReO4-, on Pd/C, and the material effectively catalyzed reduction of aqueous ClO4- to Cl- by 
dissolved H2 at ambient temperature and pressure. MTO and ReO4- showed similar catalytic activity, 
probably due to decomposition of MTO to ReO4- in the aqueous environment. Compared with this 
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perrhenate-based ReOx−Pd/C catalyst, Mo−Pd/C and W−Pd/C, with several oxometalates of Mo and W as 
precursors, showed much lower or no activity for ClO4- reduction.65 
A catalytic cycle64 was proposed: the ReVII source is reduced to ReV by Pd-adsorbed atomic hydrogen 
species (Pd−Hads), which is generated by the dissociative adsorption of H2 on Pd [Eqn (1)]; then the ReV 
abstracts one oxygen atom from ClO4- or other intermediates (e.g., ClO3-, ClO2-) under acidic conditions 
[Eqn (2)]; the ReV is thus re-oxidized to ReVII, which is reduced back to ReV by Pd−Hads[Eqn (3)]. The 
catalytic cycle repeats until all reactive chloro oxyanions are reduced to Cl-. 
ReVIIO4- +  2 Pd−Hads → ReVOy  +  2 Pd  +  H2O  (1) 
ClOx-  +  ReVOy → ClOx-1-  +  ReVIIOy+1  (2) 
ReVIIOy+1 +  2 Pd−Hads → ReVOy  +  2 Pd  +  H2O  (3) 
Immobilization of the ReO4- precursor in the activated carbon support is realized by the reduction of ReVII 
to lower valence species.66 The reductive immobilization process needs several hours of H2 sparging in 
water until all ReO4- disappear from the aqueous phase. X-ray photoelectron spectroscopy (XPS) analysis 
suggests the presence of ReV and ReI in the ReOx−Pd/C catalyst.66,67 The reduced Re valences indicate the 
reduction of one or three oxo groups from ReO4-. Interestingly, no ReIII (with two oxo groups reduced) 
was detected by XPS characterization. 
Many challenges still remain for the development and practical application of the Re−Pd/C catalysts 
for water treatment. First, the overall activity of the catalysts remains limited, and further improvements 
are needed before application will be practical. The rate-limiting step for ClO4- reduction is the OAT from 
ClO4- to Re,64 suggesting that more active Re species can be developed (e.g., appropriate ligand 
enhancement63,68) to further enhance the catalytic activity. Second, detailed information on heterogeneous 
catalyst preparation, Re speciation, ClO4- reduction kinetics, catalyst stability and longevity are all 
important, but have not yet been fully investigated. Third, other solutes in contaminated water (e.g. 
concentrated Cl- in the waste IX regenerant brine) may have various impacts on Re−Pd/C catalysts; 
corresponding solutions need to be developed toward the goal of engineered treatment process.  
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 1.3 Enhancement of Re Activity by Organic Ligands 
Besides the ReOx−Pd/C catalyst, Shapley and coworkers further examined Re precursors coordinated 
with different ligands. [Re(O)2(py)4]X (py = substituted pyridines; X=Cl- or ReO4-, 1 in Figure 1.2)68 
showed significantly enhanced ClO4- reduction activities when immobilized into Pd/C. Different from 
ReOx−Pd/C that required H2 sparging to reductively immobilize ReO4-, heterogeneous catalysts with pre-
synthesized oxorhenium(V) complex precursors could be directly immobilized into activated carbon 
matrix by the incipient wetness method. Para-substitution on the py ligands could tune the ClO4- reduction 
activity; ClO4- reduction rates increased with the electron-donating capability of substituents: −Cl < −H < 
−Me < −OMe < −NMe2.68 This indicates the importance of adding electron density on the Re center to 
favor OAT reaction. The electronegativity of the binding ClO4- would decrease the electron density on Re, 
while ligands with strong electron-donating capacity could compensate for the decrease, thereby lowering 
the activation energy. 
When the (L)ReOx−Pd/C catalyst was prepared in situ in water (i.e., H2 sparging the Pd/C suspension 
with separately added ReO4- and free py ligands), the ClO4- reduction activity of the resulting 
(py)ReOx−Pd/C catalyst was almost identical to that of the catalyst prepared using pre-formed 
[Re(O)2(py)4]X complex.68 The addition of py ligands also accelerated Re immobilization. A py/Re molar 
ratio of 2:1 yielded the maximum catalyst activity, suggesting that two py ligands were sufficient for 
enhancing OAT reactions, rather than four ligands in the pre-synthesized [Re(O)2(py)4]X complex. 
Bidentate ligands such as 2,2’-bipyridine (2 in Figure 1.2) and 1,10-phenanthroline (3 in Figure 1.2) also 
enhanced the activity of (L)ReOx−Pd/C type catalysts.65  
In the H2/Pd environment, pyridine structures are subject to hydrogenation to the corresponding 
piperidines.69,70 Substitution with more electron-donating groups provided higher resistance against 
hydrogenation: -Cl < -H < -Me < -OMe < -NMe2.70 In the (L)ReOx−Pd/C catalysts, after being used for 
several batches the 4-NMe2 pyridine (DMAP) retained its original unsaturated structure, while 2,2’-
bipyridine was completely hydrogenated.65 Literature results also show that the pyridine moieties of 1,10-
phenathroline can be hydrogenated by H2/Pd/SiO2 to form tetrahydro- or octahydro- products.71 
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Hydrogenation of these ligands resulted in loss of ClO4- reduction activity of the (L)ReOx−Pd/C 
catalysts.65 Meanwhile, a significant fraction of both original and hydrogenated ligands leached from the 
catalyst;65 some ligands such as DMAP are highly toxic as indicated by MSDS data sheet. Therefore, 
ligands with high resistance toward hydrogenation, high absorptivity to the carbon support, and low 
toxicity are desirable for the development of heterogeneous catalysts for water treatment applications.  
To date, Re(O)(hoz)2Cl showed the highest activity for ClO4- reduction among all reported 
homogeneous catalytic treatment methods.61 The heterogeneous catalyst incorporating Re(O)(hoz)2Cl 
showed the highest activity among all studied Re-Pd/C catalysts.63 In contrast, Re(O)(L)2Cl type 
complexes with a tetradentate salen-type ligand, saldmpen,61 and bidentate N,O-ligands hpz (5 and 6 in 
Figure 1.2)72 (oxazoline moiety in hoz replaced by N-methylpyrazole) showed inferior or no ClO4- 
reduction activity. The oxygen atom in the oxazoline moiety was considered important by adding electron 
density on Re. However, this explanation is still not sufficient for why hoz is a unique N,O-ligand for the 
activity enhancement. When the hoz ligand was combined with ReO4- to in situ prepare the 
(hoz)ReOx−Pd/C, the ClO4- reduction activity was far less than the catalyst prepared from the pre-formed 
Re(O)(hoz)2Cl complex.63 The latter catalyst will be called as Re(hoz)2−Pd/C in the following discussions.  
 
1.4 Coordination Chemistry of Oxorhenium Complexes 
Theoretically there are multiple isomers for the Re(O)(L)2Cl complex with N,O-bidentate ligands, 
among which the two structures with one ligand O trans to the oxo group are most common due to the 
trans influence of the oxo group.73,74 Steric hindrance has been identified as one determining factor for the 
preferred formation of asymmetric N,N-trans or N,N-cis complexes.65,66 For the similar oxorhenium(V) 
complexes with N2O2-tetradentate coordination, ligand structure and reaction conditions could determine 
the symmetry of the monomeric Re(O)(L)Cl (e.g., asymmetric N,N-cis or C2-symmetric)75-78 or the 
formation of μ-oxo dimer (O)(L)Re-O-Re(L)(O).79,80 The activity of μ-oxo dimers has been considered 
much lower than the monomer for homogeneous catalysis.79,81,82 However, previous studies have not 
examined the activity differences between N,N-trans and N,N-cis Re(O)(L)2Cl isomers.74 Therefore, 
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mechanistic studies on OAT between ClO4- and Re should be investigated at the molecular level in two 
aspects: (1) effects of different coordination geometry of isomers with the same ligand and (2) effects of 
different ligand structure in complexes with the same coordination geometry.  
  
1.5 Water Matrix Influences on Catalyst Performance and Stability 
 Natural water components including small anions (e.g., Cl-, SO42-, HCO3-) and complicated collection 
of organic molecules from biomass decaying (i.e., “natural organic matter”, NOM) has shown various 
negative effects on Pd-based catalysts; other species such as sulfide and redox active metals (e.g., Cu2+ 
and Pb2+) have also been shown to inhibit Pd catalysts.83 Nevertheless, since Pd-based catalysts are 
designed to treat specific contaminants, pretreatment must be implemented if inhibitive non-target 
components are present in the raw water. For instance, sulfide can be readily oxidized by common water 
treatment chemicals (e.g., chlorine disinfectant) to sulfate, which does not have the strong poisoning 
effect on Pd.84-86 The concentration of surface-active fractions of NOM can also potentially be removed 
by pretreatment in coagulation-flocculation-sedimentation processes or adsorption to activated carbon.  
For most Pd catalysts, elevated Cl- inhibits reactivity with target contaminants. The Pd/Al2O3 catalyst 
used for BrO3- reduction lost 33% activity when 0.7 mM Cl- was present.50 The Cu-Pd/Al2O3 catalyst for 
NO3- reduction lost 35% activity in the presence of 1.4 mM Cl-, and completely stopped working in the 
presence of 28 mM Cl- (1000 mg/L Cl, 0.16 wt% NaCl).87 Although the effect of Cl- on Re(hoz)2−Pd/C 
has not been reported, excess Cl- in acetonitrile inhibited homogeneous catalytst activity.61 In comparison, 
no effect was observed during ClO4- reduction in the presence of 28 mM Cl- using the ReOx−Pd/C 
catalyst.64 NO3- is a common co-contaminant with ClO4- (and often orders of magnitude higher 
concentration than ClO4-) in contaminated groundwater and ion-exchange waste brine,25 with a reactivity 
~5 times greater than ClO4- with Re.60 The competition among reactive oxyanions for the catalytic sites 
may exist in practical water treatment situations. Improved understanding of the activity of Re−Pd/C 
catalysts in the presence of different ions, especially in IX waste brine with concentrated Cl-, SO42-, 
HCO3- and NO3-, is very important to the further development of engineered treatment processes. 
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Catalytic treatment at circumneutral pH condition is preferred in practice. However, OAT reactions 
between Re and ClO4- in aqueous phase usually require acidic conditions. Early work in homogeneous 
solution used highly concentrated acid (pH<0) as the reaction media.59 ReOx−Pd/C showed reactivity in 
relatively dilute acid (e.g., mM level acid, pH~3), but ClO4- reduction slowed with increasing pH.64 In 
comparison, the ReOx−Pd/C enhanced by DMAP ligand showed ClO4- reduction activity at pH 4.5.68 The 
reported Re(hoz)2−Pd/C catalyst showed slow but complete ClO4- reduction at pH 6, even though a 
significant portion of the immobilized Re complex decomposed before use.63 Consequently, ligand 
enhancement is a promising strategy to improve catalyst activity under natural water conditions (e.g., pH 
5 - 9).     
 
1.6 Research Objectives 
The overall goals of this thesis work are to (1) develop oxorhenium species and corresponding 
heterogeneous Re−Pd/C catalysts to treat ClO4- in water with enhanced performance (i.e., activity and 
sustainability) under ambient conditions with no harmful byproducts generated, and (2) investigate 
reaction mechanisms and Re species transformation at the heterogeneous catalyst-water interface. The 
specific objectives are the following: 
1. Elucidate the surface reaction mechanisms controlling ClO4- reduction and Re(hoz)2−Pd/C catalyst 
stability (Chapter 2). 
2. Establish structure-activity relationships for catalytic reduction of ClO4- by Re(O)(hoz)2Cl  
complexes (Chapter 3).  
3. Investigate the influence of water matrix components on the kinetics and stability of Re(hoz)2−Pd/C 
catalyst in simulated water treatment scenarios (Chapter 4).   
4. Evaluate the performance of ClO4- treatment by ReOx−Pd/C catalysts in waste ion exchange 
regenerant brines (Chapter 5).  
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Tables and Figures 
 
 
 
 
Figure 1.1 Simplified homogeneous Re-catalyzed OAT reaction scheme for perchlorate reduction.  
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Figure 1.2 Structures of ligands and oxorhenium complexes. 
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CHAPTER 2 
 
SPECIATION AND REACTION MECHANISMS FOR AQUEOUS PHASE 
PERCHLORATE REDUCTION BY H2 WITH A HETEROGENEOUS 
RE(HOZ)2–PD/C CATALYST 
 
 
2.1 Introduction 
Global water scarcity has become a serious issue due to population growth, climate change, industrial 
demand and environmental pollution.1 Innovative and sustainable technologies are needed to address a 
growing number of challenges associated with drinking water and wastewater decontamination.2-4 Many 
of the current technologies (e.g., reverse osmosis, ion-exchange) only serve to physically separate 
contaminants from water. Chemical destruction processes are still required to prevent secondary 
contamination by the separated contaminants. Transition metal complexes have been tailored to catalyze 
facile reduction of oxyanions,5 oxidation of organic contaminants of emerging concern,6 CO2 reduction,7 
H2 production8 and so on, providing inspiration for the development of sustainable technologies for water 
purification, renewable energy, and other environmental grand challenges. Most works have been 
performed with homogeneous complexes in model systems, many of which require harsh reaction 
conditions. A further step of developing water purification catalysts is the innovation of a robust 
heterogeneous system that is compatible with aqueous reaction environments, highly active at ambient 
conditions, and free of harsh or potentially toxic chemical additives. Here, we investigate the mechanisms 
of a highly active Re(hoz)2–Pd/C catalyst (hoz = 2-(2'-hydroxyphenyl)-2-oxazoline) that couples an 
oxorhenium complex with metallic Pd nanoparticles immobilized on an activated carbon support for 
perchlorate reduction in pure aqueous phase.   
Perchlorate (ClO4-) contamination has been widely detected in groundwater,9 tap water10 and 
agricultural products11,12 due to the improper disposal of explosive materials, use of contaminated 
fertilizers and natural formation through atmospheric processes.13 Excess exposure to ClO4- disrupts 
iodide uptake in the thyroid gland, thus affecting the thyroid hormone levels and metabolism in the 
human body, especially for pregnant women, fetuses, and infants.14 Some animal tests also suggest that 
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exposure to excess ClO4- negatively affects multiple physiological functions and activities.15,16 In 2011, 
the U.S. EPA announced plans to set a national drinking water standard for ClO4-,17 renewing interest in 
the development of innovative ClO4- treatment technologies18 since disposal of the physically separated 
ClO4- by conventional ion-exchange is not ideal from an environmental sustainability perspective.19,20 
Although reduction of ClO4- to Cl- is thermodynamically very favorable, the kinetic process is generally 
inert at ambient conditions. Most reported chemical reduction methods for water treatment (e.g., reaction 
with Fe0, Fe2+, or Ti3+) require high temperatures and pressures or large excess of reductants,21-26 and little 
reactivity has been reported for commonly studied hydrogenation catalysts (e.g., Ni, Pd, Pt).27  
High valence oxo species of Group 6 to 8 metals (e.g., RuVI, OsVI, MoVI, WVI and ReVII)28-33 have been 
reported as homogeneous catalyst precursors for aqueous phase ClO4- reduction. In the presence of 
concentrated acid (i.e., 1 to 10 M) and reducing reagents (e.g., HBr, SnCl2, H3PO2), oxygen atom transfer 
(OAT) from ClO4- to the reduced oxophilic metal species (e.g., RuIII, OsIV, ReV) triggers the stepwise 
reduction of ClO4- to Cl- (e.g., Scheme 2.1 for Re). Recently, reductive immobilization of ReO4- with Pd 
nanoparticles on an activated carbon support (e.g., ReOx–Pd/C) has been shown to enable facile ClO4- 
reduction in water by 1 atm H2 at room temperature.34,35 In the presence of mM levels of HCl, the catalyst 
readily reduces ClO4- to Cl- in ion-exchange regenerant waste brine,36 demonstrating a novel technology 
for recycling spent brines to achieve a sustainable ClO4- treatment process.20 Proper ligands (e.g., 4-
dimethylamino pyridine, DMAP)37 enhances OAT activity of the immobilized Re, showing a promising 
strategy for further improving the ClO4- reduction activity of Re–Pd/C catalyst.  
The oxorhenium complex, [ReV(O)(hoz)2]+, is a highly active homogeneous catalyst for ClO4- 
reduction by sulfides in CH3CN.5 It also shows versatile activities in other applications including 
hydrosilylation,38 hydrogen storage39 and biomass deoxygenation.40 The Re–Pd/C containing the non-
covalently immobilized Re complex (i.e., Re(hoz)2–Pd/C) shows significantly enhanced reactivity with 
aqueous ClO4-.41 However, the immobilized Re complex is unsTable 2. and partially decomposes to ReO4- 
during incipient wetness impregnation carried out under air. In this study, an alternative and convenient in 
situ aqueous adsorption method is used to prepare Re(hoz)2–Pd/C that avoids air oxidation of the 
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immobilized Re. This further improves catalytic activity, and facilitates characterization of the active hoz-
coordinated Re species and mechanistic elucidation of catalyst reactivity and stability. Experiments with 
homogeneous model complexes are also conducted to provide insights into the behavior of new Re 
species identified in the heterogeneous catalyst. Previous studies on the combination of immobilized 
metal complexes with metallic nanoparticles have primarily focused on Rh–Pd/SiO2 catalysts where RhI 
complex precursors are used for arene hydrogenation42-44 and hydrodechlorination of organic 
environmental contaminants.45,46 This study on Re(hoz)2–Pd/C provides key insights to advance 
understanding and development of the novel hybrid catalysts combining coordination complexes with 
supported metal nanoparticles for water purification and green chemistry. 
 
2.2 Methods and Materials 
All experimental details are described in Appendix A. 
 
2.3 Results 
2.3.1 Preparation of Re(O)(hoz)2Cl precursor and Re(hoz)2–Pd/C catalyst  
The hoz ligand (1) was synthesized in one step from 2-hydroxybenzonitrile and ethanolamine 
catalyzed by ZnCl2.47,48 The synthetic precursor ReV(O)(OPPh3)(SMe2)Cl3 (2)49 was prepared in two 
steps50,51 from KReO4. ReV(O)(hoz)2Cl (3) was then synthesized from 1, 2, and 2,6-lutidine in ethanol 
under reflux52 for 48 h (Scheme 2.2). Crystal structure of 3 (Figure 2.1) shows a distorted octahedral 
configuration. One hoz ligand has its phenolate O atom bound axially with respect to Re═O (1.671(5) Å). 
The two oxazoline N atoms coordinate trans to each other (N-Re-N = 169.3(2)°). The chloride (Re─Cl = 
2.3828(15) Å) is trans to the equatorial phenolate O.  
To immobilize the Re complex, μm-sized powder of 3 (Figure A.1 in Appendix A) and Pd/C were 
stirred together in an aqueous suspension under H2 atmosphere (1 atm). Over time, Re complex dissolved 
from the powder crystals and was taken up by the activated carbon material (Figure 2.2). The maximum 
ClO4- reduction activity of Re(hoz)2–Pd/C with a nominally 5 wt% Re content was achieved when the 
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powder of 3 and Pd/C were pre-mixed for 4 h (Figure 2.3). This pre-mixing time corresponds to the time 
required for release of most coordinated Cl- from 3 to water. Elemental analysis shows that only trace Cl 
element remained in the Re(hoz)2–Pd/C catalyst (Table A.1), suggesting immobilization of the 
[ReV(O)(hoz)2]+ cationic species in Pd/C. The spontaneous Cl- release during the Re complex 
immobilization avoids the step of [ReV(O)(hoz)2]+ synthesis and does not introduce unnatural balancing 
anions (e.g., CF3SO3- and B(C6F5)4-)38,53 in water. 
The immobilization process was limited by the rate of Re dissolution from the solid source of 3 into 
the aqueous phase, because much longer mixing time was needed to achieve comparable ClO4- reduction 
activity when larger crystals of 3 were used (Figure A.1 and Table A.2). The Re(hoz)2–Pd/C catalyst 
prepared using an incipient wetness impregnation method conducted under strict anoxic conditions also 
showed similar ClO4- reduction activity (Table A.2). However, because of the simplicity of the in situ 
aqueous adsorption approach, this procedure was used in the remainder of this study.  
2.3.2 Catalyst formulation and ClO4- reduction activity 
Reduction of 1 mM ClO4- by Re(hoz)2–Pd/C catalyst with Re contents ranging from 1 to 10 wt% (5 
wt% Pd for all catalyst formulations) exhibited pseudo-first-order kinetics. The corresponding estimated 
OAT turnover number (TON) from ClO4- and ClOx- intermediates (x = 3 for chlorate, x = 2 for chlorite, x 
= 1 for hypochlorite) being fully converted to Cl- at immobilized Re sites ranged from 15 to 150 (0.5 g L-1 
catalyst to reduce 1 mM ClO4-). The ClO4- reduction rate constant did not increase linearly with the 
increasing Re content (Table A.3, entries 1 to 4), presumably because the Pd/C surface becomes 
saturated at higher loadings of the adsorbed Re complex. Apparent catalyst activity varied when different 
amounts of Pd/C were used to immobilize the same mass of Re (Table A.3, entries 3, 5 and 6), indicating 
that overall catalyst activity is dependent on both the Pd and Re sub-components; the 5 wt% Re catalyst 
exhibited the optimum activity and was used for subsequent experiments. Dissolved H2 concentration 
(maintained by H2 gas sparging) is not a rate-limiting factor, as demonstrated by the linear dependence of 
rate constants on overall catalyst loadings ranging from 0.125 g L-1 to 2.0 g L-1 (Figure A.2).  
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Reactivity of the Re(hoz)2–Pd/C catalyst with ClO4- was found to be ~100 times greater than the 
ReOx–Pd/C catalyst prepared from ReO4- precursor34 and ~7 times greater than the DMAP-enhanced 
ReOx–Pd/C catalyst37 (Table 2.1). In fact, the Re(hoz)2–Pd/C catalyst showed the highest efficiency (in 
terms of reaction rate, temperature, reductant type and dosage) among all chemical methods for aqueous 
ClO4- reduction reported to date. 
A good mass balance between ClO4- and Cl- during the catalytic reduction (Figure A.3) indicates that 
ClO4- was reduced to Cl- without accumulation of ClOx- daughter oxyanions. This is consistent with the 
observation that ClO3- reacts with Re(hoz)2–Pd/C much faster than ClO4- (Figure 2.4). Although ClO3- 
can also be reduced by Pd/C without immobilized Re, the rate is much faster with the Re complex present. 
Similarly, reduction of 1 mM ClO2- by the same loading of Pd/C and Re(hoz)2–Pd/C completed within 2 
min and 15 s, respectively. Therefore, the oxyanions were principally reduced via OAT reactions with the 
immobilized Re rather than by direct hydrogenation at Pd nanoparticle sites. 
Re(hoz)2–Pd/C activity increased with decreasing pH conditions (Table A.4). The similar pH 
dependence trend of Re(hoz)2–Pd/C was observed both when ClO4- was added in excess to Re (i.e., Re 
must catalytically cycle to reduce all ClO4-) (Table A.4, entries 1 to 5) and when immobilized Re was in 
excess to ClO4- (i.e., Re could react with ClO4- without needing to be re-reduced) (Table A.4, entries 6 
and 7). This suggests that acidity is mainly limiting the rate of OAT from ClO4- to Re (right set of arrows 
in Scheme 2.1) rather than the re-reduction of Re following OAT (left set of arrows in Scheme 2.1). The 
acidity dependence was previously explained by the ancillary hydrogen-bonding that facilitates the 
coordination of aqueous ClO4- to Re.34,37 However, as proposed in an early study on homogeneous ClO4- 
reduction with TiIII,54 it is also probable that protonation of the perchlorate oxygens assists the distortion 
of the bound ClO4- in the LnRe−O−ClO3 intermediate, thus lowering the LUMO of ClO4- and accelerating 
the electron transfer from Re to Cl. 
2.3.3 Metal speciation  
X-ray photoelectron spectroscopy (XPS) was used to characterize the prevailing oxidation states of 
Pd and Re in the Re(hoz)2–Pd/C catalyst. Both metals exhibit characteristic spin-orbit coupling doublets. 
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Under H2, Pd was present as predominantly Pd0 (3d5/2 binding energy (BE) 335.0 eV) with a smaller 
amount of PdII (3d5/2 BE 335.7 eV) (Figure 2.3a). The 4f7/2 BE (44.2 eV) for powder samples of 3 
(measured after a year of storage under air, Figure 2.5b) matched those reported previously for ReV 
coordination compounds.55 The trace amount of ReVII (4f7/2 BE 46.1 eV) in the sample demonstrates the 
stability of 3 in the presence of O2. Two oxidation states of Re (4f7/2 BE 44.0 eV and 42.0 eV) were 
detected in an approximate ratio of 1:1 in the catalyst prepared under 1 atm H2 (Figure 2.5c). The higher 
BE is consistent with ReV and the lower BE suggests a lower Re oxidation state. A previous study on 
electrochemical reduction of  [ReV(O)2(Py)4]+ in aqueous solutions reported the reduction of the oxo 
groups to yield ReIII(O)(OH)(Py)4 and [ReII(OH2)2(Py)4]2+ at pH 3.56 The reduced Re species in Re(hoz)2–
Pd/C is most likely due to hydrogenation of the oxo group in the immobilized [ReV(O)(hoz)2]+. However, 
it was difficult to unambiguously determine the oxidation state of this species from literature XPS data 
due to the widely ranged and overlapping BE values of reference compounds in different oxidation states 
lower than +5. 55 
To accurately assign the oxidation state of the more reduced Re species in Re(hoz)2–Pd/C, we 
synthesized the hoz-coordinated ReIII complex to use as an XPS reference standard by oxo group 
reduction with PPh3.57-59 After chloride abstraction from 3 by AgOTf at room temperature, heating the 
cationic [ReV(O)(hoz)2]+ (4)53 with excess PPh3 in CH3CN under reflux yielded 
[ReIII(hoz)2(PPh3)(NCCH3)][OTf] (5) as the major ReIII product and [ReIII(hoz)2(PPh3)2][OTf] (6) as the 
minor ReIII product (Scheme 2.3). 1H–NMR of 5 and 6 shows the wide resonance range (δ -44~41 ppm) 
and sharp peaks that are characteristic of paramagnetic ReIII species.58,59 Crystal structures of 5 and 6 both 
show a N,N-cis and O,O-trans configuration of the two hoz ligands (Figure 2.6). The orange crystal of 5 
gradually turned dark after bench top storage. As confirmed by 1H–NMR (vide infra), 5 can be slowly 
oxidized by air to 4, whereas 6 is much more sTable 2.. XPS characterization of 5 after partial air 
oxidation (Figure 2.5d) indicates two Re oxidation states (4f7/2 BE 44.1 eV and 42.1 eV), with ΔBE = 2.0 
eV, corresponding to hoz-coordinated ReV (4) and ReIII (5) respectively. In comparison, the two Re 
oxidation states observed in Re(hoz)2–Pd/C (Figure 2.5c) also have the same BE separation of 2.0 eV. 
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This agreement suggests that roughly half of the Re immobilized on carbon from the ReV(O)(hoz)2Cl 
precursor is reduced to ReIII in the Re(hoz)2–Pd/C catalyst. 
Our initial attempt to reduce 4 with different aryl phosphines at room temperature only yielded 
[ReV(O)(hoz)2(PR3)]+, which exists in an equilibrium with [ReV(O)(hoz)2]+ and free PR3 in solution (see 
Appendix A). Direct reduction of ReV species by H2 (without the aid of Pd) also requires high temperature 
and pressure.60,61 In contrast, Pd nanoparticles in the activated carbon matrix realize a facile reduction of 
half of the hoz-coordinated ReV to ReIII by H2 at ambient conditions. However, the approximate 1:1 ratio 
between ReIII and ReV did not change in Re(hoz)2–Pd/C samples after prolonged exposure to H2 even 
under heating at 100 °C, suggesting different chemical environments for immobilized Re complexes in 
the Pd/C support material.   
2.3.4  Reactivity of ReIII(hoz)2 species with ClO4-.  
The [ReV(O)(hoz)2(S)]+ complex 4 (S = H2O or CH3CN) has been reported as one of the very few 
active oxorhenium species for homogeneous ClO4- reduction.5,52 We confirmed this by observing 
complete oxidation of 10 mM 4 within 3 min by 2.5 mM ClO4- (containing 10 mM oxygen atoms for 
OAT) without reductants (e.g., alkyl sulfides) added. However, to the best of our knowledge there has 
been no report of ReIII reactivity with ClO4-. Since it is difficult to isolate and measure the specific 
reactivity of ReIII immobilized in the heterogeneous catalyst containing both ReIII and ReV, we directly 
measured the reactivity of 5 dissolved in CD3CN with LiClO4. 1H–NMR spectrum of 5 suggests that the 
CH3CN–Re coordination is labile such that ReIII has an open binding site for ClO4-. In 135 min, 85% of 5 
(16 mM) was oxidized by 4 mM LiClO4 (Figure 2.7) to a diamagnetic product. Although oxidation 
stoichiometry indicates that the product is ReV rather than ReVII (and the PPh3 in 5 is not oxidized), the 
product structure (Figure 2.8a) is different from 4 (Figure 2.8b) and the [ReV(O)(hoz)2(PPh3)]+ 
mentioned above (Figure 2.8c).  
Furthermore, we found that the oxidation of 5 by ClO4- is catalyzed by the presence of 4. In contact 
with air, 5 can be slowly oxidized to yield 4 and its PPh3-coordinated [ReV(O)(hoz)2(PPh3)]+ structure, as 
well as some other unidentified products (Figure 2.8d vs. 2.8b and 2.8c). When LiClO4 was added to a 
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freshly prepared 5 solution which contains much less 4 (~0.25 mol%), the oxidation of ReIII was much 
slower than observed in the aged solution (Figure 2.7). Hence, the ReIII oxidation by LiClO4 may result 
indirectly from reactions involving the small amount of the highly reactive 4. To exclude the possibility 
that the unidentified species (observed in Figure 2.8d) promoted the ReIII conversion, a freshly prepared 
solution of 5 was added with 5 mol% 4 (synthesized from 3) and LiClO4 under anaerobic atmosphere. 
Within 2 h most 5 was oxidized to the same diamagnetic product, and the added 4 turned into 3 due to the 
production of Cl- from ClO4- (Figure 2.8d vs. 2.8e). Therefore, 5 has no significant reactivity with ClO4-, 
while the active 4 catalyzes the oxidation of 5 into the new ReV product (7) via an inter-metal OAT 
mechanism57 between 5 and [ReVII(O)2(hoz)2]+ (8)62 (Scheme 2.4). 
These results lead us to postulate that in the heterogeneous Re(hoz)2–Pd/C catalyst, the main catalytic 
mechanism involves redox cycling between ReV and ReVII complexes, while ReIII does not participate 
directly in reactions with ClO4-. Although ReIII shows reactivity with ReVII in solution, in Re(hoz)2–Pd/C 
catalyst this dinuclear process is less likely to occur because Re complexes are immobilized on support 
surface.  
2.3.5 Redox cycle versus decomposition bypass of immobilized Re complex 
Previous work examining homogeneous ClO4- reduction demonstrated catalytic cycling between 4 
and 8, with reduction of 8 by alkyl sulfide (e.g., k = 7500 M-1 s-1 for Me2S) being >16,000 times faster 
than the oxidation of 4 by ClO4- (k = 0.45 M-1 s-1).52 In the presence of stoichiometric alkyl sulfide (e.g., 
reduction of 25 mM LiClO4 by 100 mM Me2S), we measured with 1H–NMR that the reaction catalyzed 
with 1 mol% 4 reached near completion within 1 h (Figure A.5). Only 3 (due to the generation of excess 
Cl-) and Me2SO remained after reaction. However, in the absence of sulfide, oxidation of 4 by ClO4- 
quickly leads to some unidentified intermediates and eventually to free hoz and ReO4- (Figure 2.9). The 
gradual broadening (constant integration area) and slight downfield shift of the H2O peak (from δ 2.33 at 
3 min to δ 2.36 at 145 min) support a hydrolytic decomposition mechanism for 8 (Scheme 2.5). The 
decomposition pathway in homogeneous solution was previously proposed to have first-order dependence 
on the concentration of both 8 and H2O (k = 2.8 × 10-4 M-1 s-1).5 It follows that decomposition of 8 is 
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dependent both upon the rate of formation from ClO4- reaction with 4 as well as the relative rates for 
reduction versus hydrolysis of 8.  
Catalytic ClO4- reduction by the heterogeneous Re(hoz)2–Pd/C requires Pd-activated atomic hydrogen 
to reduce the immobilized 8 back to 4. When measuring the reduction of 1 mM ClO4- by Re(hoz)2-Pd/C, a 
small fraction of immobilized Re was released into solution as as ReO4- (~1% of the total Re). The ReO4- 
was adsorbed within 1 h, and XPS spectrum of the catalyst collected after the reaction (Figure 2.10a) 
does not show significant changes from the freshly prepared catalyst (Figure 2c). However, the transient 
detection of ReO4- indicates a small degree of ReVII complex decomposition that could be promoted by 
the concentrated H2O (55.5 M in pure aqueous phase) and the limited rate of ReVII reduction in the 
heterogeneous catalyst.    
Further studies showed that hydrolytic decomposition of the immobilized Re complex increased when 
the rate of ReV oxidation increased, either by increasing the initial ClO4- concentration or introducing 
more reactive oxyanion substrates (Figure 2.11). A much larger fraction of the immobilized Re (37%) 
leached into solution as ReO4- when the initial ClO4- concentration was increased to 10 mM. Even larger 
concentration of ReO4- were detected when Re(hoz)2-Pd/C was reacted with either ClO3- or ClO2- (1 mM), 
which undergoes catalytic reduction much faster than ClO4- (Figure 2.4). The measured homogeneous 
rate constant for the oxidation of 4 by ClO3- (k = 28 M-1 s-1) is 61 times faster than by ClO4- (k = 0.45 M-1 
s-1).52 Significantly increased rates of OAT to 4 are coupled with the limited rate for reduction of 8, 
leading to elevated steady-state concentrations of the latter and consequently increased hydrolytic 
decomposition. During the 10 mM ClO4- reduction, the fast oxidation of 4 is attributed to concentrated 
ClOx- daughter anions produced from the first-order reduction of ClO4-.  
XPS characterization of Re(hoz)2-Pd/C following 10 mM ClO4- reduction (Figure 2.10b) showed a 
third Re oxidation state (4f7/2 BE 40.8 eV) in addition to ReV (4f7/2 BE 43.5 eV) and ReIII (4f7/2 BE 41.5 
eV). The latter two are similar in binding energy separation to those observed in the fresh catalyst (Figure 
2.5c). The ReIII peak takes ~50% of total peak integration area both in the fresh catalyst and in the used 
catalyst. This supports the postulation that ReIII does not directly participate in reactions with ClO4-. The 
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4f7/2 peak with BE 40.8 eV has previously been assigned as ReI from reductive immobilization of ReO4- in 
the absence of hoz ligand.35,63 Therefore, following hydrolytic decomposition of the immobilized Re 
complexes, ReO4- is subject to reductive immobilization to form a mixture of ReV and ReI oxide 
species.35,63 These species are also able to work with Pd to reduce ClO4-, but with much lower reactivity 
than Re(hoz)2-Pd/C.  
Separate tests show that in situ aqueous adsorption of ReO4- together with free hoz ligand on Pd/C 
does not lead to formation of the highly active hoz-coordinated ReV species (i.e., 4). Instead, XPS 
characterization showed three Re oxidation states (Figure 2.10c, 4f7/2 BE 44.0 eV, 42.0 eV and 40.9 eV) 
representing ReV, ReIII and ReI. Compared with ReOx–Pd/C catalyst prepared from ReO4- only (Figure 
2.10d, 4f7/2 BE 43.2 eV and 41.3 eV) where ReI dominated, the addition of hoz ligand led to significantly 
different surface Re speciation. The ClO4- reduction activity of this hoz-amended catalyst was about 5 
times higher than that for ReOx–Pd/C (Table 2.1, entry 5 vs. 3), but still only 1/16 of that for Re(hoz)2–
Pd/C prepared from pre-synthesized complex 3 (Table 2.1, entry 5 vs. 1). Compared with the Re(hoz)2–
Pd/C after 10 mM ClO4- reduction, the shifted Re 4f7/2 BE values also suggest different structures of 
immobilized ReV and ReIII species. Thus, the surface Re speciation from the heterogenization of pre-
synthesized 3 and in situ reduction of ReO4- with hoz present are different. It also follows that once the 
immobilized [ReV(O)(hoz)2]+ decomposes into ReO4-, the high activity of Re(hoz)2–Pd/C cannot be 
recovered by re-immobilization of ReO4- in the presence of hoz ligand. 
It is worth noting that no ReO4- leaching from Re(hoz)2–Pd/C  was detected (detection limit 0.5 μM) 
during the reduction of 10 and 100 μM ClO4-. These concentrations still far exceed the typical ClO4- 
contamination level in most drinking water sources (i.e., < 0.1 μM).64 Results shown here indicate the 
need to prevent exposure to strong oxidants and source waters with elevated ClO4- concentration to ensure 
catalyst longevity. 
 
2.4 Discussion 
2.4.1 Re speciation and heterogeneous reaction mechanisms 
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Figure 2.12 summarizes the speciation of redox cycling of Re during Re(hoz)2–Pd/C catalyst 
formation, OAT reaction with ClOx- species, and decomposition. During the in situ aqueous adsorption 
process of catalyst preparation, the precursor 3 releases Cl- and the resulting cationic species 4 absorbs to 
the activated carbon support (i) due to a combination of hydrophobic and electrostatic interactions. Pd/C 
carries a negative surface charge under H2-reducing conditions.35 Dissociation of Cl- and dispersion on 
Pd/C leads to high reactivity of the hoz-coordinated Re species with ClO4- and O2 (e.g., XPS analysis 
shows only ReVII in air-exposed catalysts) (ii).41 Analysis of total dissolved Re from Re(hoz)2–Pd/C 
indicated negligible aqueous species other than ReO4- that forms upon hydrolytic decomposition. This 
suggests strong sorption of hoz-coordinated Re species to Pd/C in aqueous media, leading to a convenient 
and effective non-covalent heterogenization65 of the highly active Re complex. 
The metal speciation and reaction mechanism of Re(hoz)2–Pd/C is different from the Rh–Pd/SiO2 
catalysts that combine RhI complexes and Pd0 nanoparticles. Under 1 atm H2 atmosphere at 40 °C, the RhI 
complex coordinated with neutral ligands such as cyclooctadiene (COD) could lose the hydrogenated 
ligand and become reduced to Rh0 as the active catalytic species.43 The viewpoint for another Rh–Pd/SiO2 
system is that RhI was not reduced by Pd-activated hydrogen but the surface RhI and Pd0 worked 
synergistically on arene hydrogenation.66,67 In comparison, both ReV and ReIII immobilized in Re(hoz)2–
Pd/C  are presumed to be still coordinated by hoz ligands. Unlike ReOx–Pd/C catalyst where majority of 
ReO4- can be immobilized as ReI oxide nanoclusters under H2-reducing conditions,35,63 the coordination 
with two charged phenolate oxygens prevents further reduction of Re to oxidation states lower than +3.  
Re0 (reported 4f7/2 BE 39.7 eV) that formed from Re2O7 (reported 4f7/2 BE 46.7 eV in the same study) 
reduction in a Re–Pt model system under a high temperature H2 atmosphere68 was not detected in any Re–
Pd/C samples in this study. Therefore, Re and Pd play distinct roles in the Re(hoz)2–Pd/C catalyst; the 
immobilized ReV complex serves as a single-site OAT center and the Pd0 nanoparticle serves as a site for 
H2 dissociation to form strongly reducing atomic hydrogen species. 
The immobilized [ReV(O)(hoz)2]+ complexes accept a single oxygen atom transferred from ClO4- and 
daughter ClOx- products to form [ReVII(O)2(hoz)2]+ (ii), which can then be reduced back to 
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[ReV(O)(hoz)2]+ by adsorbed atomic hydrogen (iii). XPS results also show that a fraction of the 
immobilized [ReV(O)(hoz)2]+ is further reduced to [ReIII(hoz)2]+ (iv). Experiments show that a 
homogeneous hoz-coordinated ReIII species is unreactive with ClO4-, but is subject to inter-metal OAT 
reactions with other Re species. Similar behavior may be inferred for [ReIII(hoz)2]+ immobilized adjacent 
to [ReVII(O)2(hoz)2]+ on the carbon surface.  
Scanning transmission electron microscopy with energy dispersive X-ray spectroscopy (STEM-EDS) 
shows that Pd is immobilized on the carbon support as nm-sized particles, whereas Re is dispersed more 
evenly.41 As a result, facilitation of ReV-VII redox cycling requires reactivity with both Pd-adsorbed atomic 
hydrogen and hydrogen that spills over onto different sites on the support material.69 We propose that the 
varying reactivity of different atomic hydrogen species (e.g., adsorbed on Pd versus adsorbed on different 
carbon support sites) is responsible for the mixture of hoz-coordinated ReV and ReIII species in Re(hoz)2–
Pd/C. Whereas re-reduction of the OAT product [ReVII(O)2(hoz)2]+ to [ReV(O)(hoz)2]+ appears to be 
facilitated by a range of atomic hydrogen species, more reactive species (e.g., localized on or in close 
vicinity of Pd0 nanoparticles) may be necessary to reduce [ReV(O)(hoz)2]+ to [ReIII(hoz)2]+ (Figure 2.13). 
The OAT oxidation product [ReVII(O)2(hoz)2]+ is also subject to hydrolytic decomposition to ReO4- and 
free hoz ligand (v). Decomposition is enhanced by processes that increase the rate of [ReVII(O)2(hoz)2]+ 
generation (e.g., exposure to higher concentrations of ClO4- or more reactive oxidant species). The ReO4- 
can be re-reduced by atomic hydrogen (vi), leading to a mixture of ReV, ReIII and ReI species when free 
hoz ligand is also present. This mixture is more active than the mixture of ReV and ReI species produced 
from ReO4- reduction in the absence of hoz, but still much less active for ClO4- reduction than the 
immobilized [ReV(O)(hoz)2]+ complex. Thus, hydrolytic decomposition leads to irreversible deactivation, 
and minimizing its occurrence is critical to long-term effectiveness of the Re(hoz)2-Pd/C catalyst. 
2.4.2 Mechanistic implications for catalyst design 
A potential explanation for the high OAT activity of hoz-coordinated ReV in comparison to other Re 
species is an increased electron density on the Re center resulting from the resonance of oxazoline O atom 
p electrons to the C=N bond.52 This follows previous work showing that ReOx–Pd/C catalyst activity 
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enhancement upon pyridine coordination depends on the electron-donating strength of the pyridine para-
substituent: –H < –Me < –OMe < –NMe2 (DMAP).37 However, when we replaced pyridine ligands with 
2-methyl-2-oxazoline (the monodentate hoz analogue) to add in the ReOx–Pd/C catalyst, no activity 
enhancement was observed (Table 2.1, entry 6). Therefore, the phenolate moiety of hoz also plays an 
important role in activity enhancement. In addition, the complex ReV(O)(hoz)(PPh3)Cl2 containing only 
one hoz ligand was found inactive for ClO4- reduction.70 Therefore, the high activity of Re(hoz)2–Pd/C 
catalyst depends on an intact [ReV(O)(hoz)2]+ coordination structure. 
The more reduced [ReIII(hoz)2]+ has a stronger thermodynamic tendency to be oxidized than 
[ReV(O)(hoz)2]+. Thus, the lack of reactivity observed between the ReIII complex 5 and ClO4- results from 
kinetic factors and may be attributed to the loss of oxo group upon reduction of 4. In the heterogeneous 
catalyst, the incorporation of mono-oxo ReV complex with Pd would inevitably generate some inactive 
ReIII species under H2 atmosphere. However, when another Re–Pd/C catalyst prepared from di-oxo 
[ReV(O)2(Py)4]+ precursors exhibit high activity for ClO4- reduction,37 the adsorbed atomic hydrogen 
might have activated the immobilized Re by partially reducing the oxo groups in situ (e.g., forming 
[ReIII(O)(OH2)(Py)4]+ or other Re species in low oxidation states), because [ReV(O)2(Py)4]+ did not react 
with ClO4- in homogeneous solution56 and a similar di-oxo complex [ReV(O)2(en)2]+ (en = 
ethylenediamine) did not follow the direct OAT mechanism with oxyanions.57,71 Thus, further study on the 
effects of Re oxo groups on OAT reactions could provide insights to facilitate the development of more 
active and sTable 2. heterogeneous catalysts.      
2.4.3 Catalyst application potential 
Maintaining intact and active metal complexes is one of the major challenges to the development of 
practical catalytic water purification technologies. Typical ClO4- contamination levels in drinking water 
sources (<0.1 μM)64 suggest favorable conditions for catalyst stability, but decomposition and 
deactivation may also occur if catalysts are exposed to high levels of other oxidants (e.g., O2, NO3-).35,41 
Stability may be enhanced by rational ligand tuning. For example, the analogous complex [ReV(O)(htz)2]+ 
(htz = 2-(2’-hydroxyphenyl)-2-thiazoline) is ~3 times less reactive than [ReV(O)(hoz)2]+ as a 
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homogeneous catalyst, but re-reduction of the oxidized [ReVII(O)2(htz)2]+ complex by sulfides is ~20 
times faster than [ReVII(O)2(hoz)2]+.52 Thus, rates of the individual steps in the catalytic OAT cycle may be 
tuned by modifying ligand structures, and further study may yield more sTable 2. hybrid catalysts that are 
less sensitive to varying source water conditions. With the long term goal of developing lower cost metal 
catalysts (e.g., Mo), the active oxorhenium complexes could be used at the current stage as models for 
studying the mechanisms of enhanced OAT catalysis for challenging substrates. 
A recent study performed an environmental life cycle assessment (LCA) for drinking water treatment 
of ClO4-, comparing conventional technologies (ion-exchange and biological reduction) with treatment by 
the first-generation ReOx–Pd/C catalysts.20 Results showed that significant enhancements in catalyst 
activity (e.g., 20-fold) are needed before the catalytic treatment technology will be competitive. The 
Re(hoz)2–Pd/C catalyst examined here exhibits ~100 times higher activity than ReOx–Pd/C, suggesting a 
promising strategy leading to a more sustainable water purification technology. Studies on the 
performance and long-term stability of Re(hoz)2–Pd/C under relevant source water quality conditions are 
in progress.  
With respect to broader aspects of catalysis and green chemistry,72 the hybridization of Re complexes 
and Pd nanoparticles produces novel catalytic properties that neither metal can achieve alone. H2 
generated from renewable sources73 can be utilized under ambient temperature and pressure as a clean 
oxygen acceptor alternative to more toxic reagents such as sulfides and phosphines. Results presented 
here suggest higher reducing power of Pd-activated atomic hydrogen compared to aryl phosphines. By 
using similar systems, product isolation challenges arising from the use of phosphines (e.g., PPh3 
recovery and OPPh3 removal)74,75 might also be avoided. 
   
2.5 Conclusions 
In pure aqueous phase and at ambient conditions, the heterogeneous catalyst containing immobilized 
Re(hoz)2 complexes and Pd nanoparticles realizes facile ClO4- reduction using H2 as a clean reductant. 
While the ReV-VII redox cycle serves as the main catalytic mechanism, the immobilized ReV complex 
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could also be converted to an inactive ReIII due to hydrogenation of the oxo group, or ReI due to the 
limited ReVII reduction rate that leads to irreversible hydrolytic decomposition of hoz-coordinated 
structure. The observed ClO4- reduction performance and identified reaction mechanisms suggest a 
promising strategy for developing hybrid catalysts combining metallic nanoparticles and reactive metal 
complexes on the same support.  
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Tables and Figures 
 
 
Table 2.1 Comparison of catalytic and stoichiometric reduction systems for ClO4- in water. 
Entry Catalyst/reductant Temp. Catalyst/reductant  
loading 
pH Rate, k, or  
ClO4- conversiona  
Ref. 
Heterogeneous catalysis 
1 Re(hoz)2–Pd/C; H2b 25 °C 0.5 g L-1 c 3.0 2.49 h-1  
2 Re(hoz)2–Pd/C; H2d 25 °C 0.5 g L-1 c 3.0 0.316 h-1   
3 ReOx–Pd/C; H2 25 °C 0.5 g L-1 c 3.0 0.025 h-1   
4 DMAP+ReOx–Pd/C; H2 25 °C 0.5 g L-1 c 3.0 0.318 h-1   
5 hoz+ReOx–Pd/C; H2 25 °C 0.5 g L-1 c  3.0 0.14 h-1   
6 2-Me-oxazoline+ReOx–Pd/C; H2  25 °C 0.5 g L-1 c 3.0 0.017 h-1  
7 78 metal catalysts; H2 rt N/Ae 2.0-9.5 < 10-5 M h-1 27 
Heterogeneous stoichiometric reduction 
8 Nano Fe0 75 °C 20 g L-1 6-8  1.52 mg gFe-1 h-1  21 
9 Iron fillings rt 1.25 kg L-1 7.0 66% after 14 days 26 
10 Fe powder 150 °C 14.5 g L-1 N/Ae 85% after 6 h 25 
Homogeneous stoichiometric reduction 
11 FeCl2 195 °C 8-16 equiv. 4 M HCl 5.233 h-1  23 
12 TiCl3/β-alanine (1:3) 50 °C 40 equiv. 2.3 1.08 h-1 24 
aActivity expressions not unified due to the different configuration of reaction systems. 
bPrepared by aqueous adsorption in this study. 
cNominally 5 wt% Re and 5 wt% Pd. 
dPrepared by incipient wetness and dried in air. 
eData not available in literature.  
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Figure 2.1 ORTEP diagram (35% probability thermal ellipsoids) of ReV(O)(hoz)2Cl.  
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Figure 2.2 Illustration of Re complex transfer from bulk crystal powders into Pd/C during aqueous 
adsorption process. 
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Figure 2.3 Relationship between the initial rate constant (apparent first-order) for ClO4- reduction by 
Re(hoz)2–Pd/C and Cl- release to water upon mixing the ReV(O)(hoz)2Cl precursor with Pd/C for different 
time periods before introducing ClO4-. Inset shows the timecourses for ClO4- reduction. Reaction 
conditions: 0.5 g L-1 catalyst (nominally 5 wt% Re, 5 wt% Pd), 1 mM ClO4-, pH 3, 1 atm H2. 
  
0
1
2
3
4
5
0 0.2 0.4 0.6 0.8 1
k
(L
 h
-1
g c
at
-1
)
Cl- release from Re complex (C/Ctotal)
5 min
30 min
1 h
2 h
4 h
0
0.5
1
0 30 60
Cl
O
4-
(C
/C
0)
Time (min)
5 min
30 min
1 h
2 h
4 h
32 
 
 
Figure 2.4 Reduction of 1 mM of ClO4- and ClO3- with Re(hoz)2–Pd/C and Pd/C catalyst (0.5 g L-1 
catalyst, pH = 3, 1 atm H2). Solid lines indicate pseudo-first-order model fits. 
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Figure 2.5 XPS spectra of (a) Pd in Re(hoz)2–Pd/C catalyst, and Re in (b) ReV(O)(hoz)2Cl powder, (c) 
Re(hoz)2–Pd/C catalyst, and (d) partially air-oxidized [ReIII(hoz)2(PPh3)(NCCH3)][OTf] powder. Asterisks 
indicate individual components contributing to fits of the Pd 3d5/2 or Re 4f7/2 peaks. 
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Figure 2.6 ORTEP diagram (35% probability thermal ellipsoid) of (a) [ReIII(hoz)2(PPh3)(NCCH3)]+ and 
(b) [ReIII(hoz)2(PPh3)2]+. Solvent molecule and anion omitted for clarity. 
  
(a)
(b)
35 
 
 
 
Figure 2.7 Oxidation of 16 mM [ReIII(hoz)2(PPh3)(NCCH3)]+ upon 4 mM LiCO4 addition in CD3CN 
solutions. Reaction were monitored with 1H–NMR by quantifying the ratio between the original ReIII 
complex and the diamagnetic product. 
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Figure 2.8 Zoomed 1H−NMR (CD3CN, 500 MHz) spectra of (a) oxidation product of 
[ReIII(hoz)2(PPh3)(NCCH3)]+ by ClO4-, (b) ReV(O)(hoz)2Cl, (c) oxidation product of 
[ReIII(hoz)2(PPh3)(NCCH3)]+ by air, (d) [ReV(O)(hoz)2]+, and (e) [ReV(O)(hoz)2(PPh3)]+ in the presence of 
20 equivalents of PPh3. Colored and italic letter notes in (a) and (c) indicate the same resonances found in 
the corresponding figures. 
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Figure 2.9 1H–NMR (CD3CN, 500 MHz) spectra of Re complex transformation after mixing 10 mM 
[ReV(O)(hoz)2]+ with 2.5 mM LiClO4. 
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Figure 2.10 XPS spectra of Re in (a) Re(hoz)2–Pd/C following 1 mM ClO4- reduction, (b) Re(hoz)2–Pd/C 
following following 10 mM ClO4- reduction, (c) Re–Pd/C catalyst prepared by in situ reductive 
adsorption of ReO4- in the presence of 2 equivalents of hoz, and (d) Re–Pd/C catalyst prepared by in situ 
reductive adsorption of ReO4- in the absence of hoz. All catalysts contained 5 wt% Re. Asterisks indicate 
the fitted Re 4f7/2 peaks. 
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Figure 2.11 The ratio of Re leaching as ReO4- from Re(hoz)2–Pd/C catalysts during reductions of ClO4- 
and related oxyanions. Ctotal indicates the total concentration of Re initially immobilized in Re(hoz)2-Pd/C. 
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Figure 2.12 Proposed scheme for immobilization, reactivity, and decomposition of hoz-coordinated Re 
species. 
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Figure 2.13 Proposed mechanism of Re distribution in Re(hoz)2–Pd/C catalyst. 
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Scheme 2.1 Proposed OAT cycle for Re-catalyzed ClO4- reduction in aqueous phase. 
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Scheme 2.2 Proposed Synthesis of hoz ligand and ReV(O)(hoz)2Cl. 
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Scheme 2.3 Synthesis of hoz-coordinated ReIII complexes. 
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Scheme 2.4 Transformation of hoz-coordinated homogeneous ReIII complex upon ClO4- addition. 
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Scheme 2.5 ReV-ReVII catalytic cycling and decomposition of [ReVII(O)2(hoz)2]+. 
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CHAPTER 3 
 
CHARACTERIZATION AND CONTROLLED SYNTHESIS OF N,N-
TRANS AND N,N-CIS RE(O)(HOZ)2CL ISOMERS SHOWING DIFFERENT 
ACTIVITIES FOR HOMOGENEOUS AND HETEROGENEOUS 
PERCHLORATE REDUCTION 
 
 
3.1 Introduction 
High valence rhenium compounds, such as methyltrioxorhenium(VII) and oxorhenium(V) complexes, 
have been recognized as versatile catalysts for a variety of oxidation, reduction and other novel reactions 
for synthetic chemistry as well as energy and environmental related applications.1-7 Oxorhenium(V) 
complexes of 186Re and 188Re isotopes have been developed as radiopharmaceuticals for in vivo tumor 
imaging and radionuclide therapy.8-10 Fluorescent chemosensor for Re in cells has also been developed 
based on  oxorhenium(V) coordination chemistry.11 Monoanionic bidentate LO-N ligands (e.g., salicylimine, 
8-hydroxyquinoline, picolinic acid, etc.) and tetradentate LO-N-N-O ligands (e.g., salen) with tunable steric 
and electronic properties have been widely used to prepare Re(O)(LO-N)2X12-17 and Re(O)(LO-N-N-O)X18-20 
(X = Cl, Br, alkyl, alkoxide, etc. in neutral complexes or X = H2O, CH3CN, etc. in cationic complexes) 
for catalysis and radiopharmaceutical research. Particularly, the naturally occurring 2-(2'-hydroxyphenyl)-
2-oxazoline (Hhoz) structure originally identified in microbial siderophores21 gives the Re(O)(hoz)2X 
complex a variety of excellent catalytic activities, including ClO4- reduction,22 hydrosilylation,23,24 H2 
production from Si−H,25 condensation between biomass-derived diols and aldehydes,26 and C−H 
activation.27 Thus, development of oxorhenium complexes shows great promise for addressing a number 
of challenging issues related with energy, environment and human health.  
Despite the large number of oxorhenium complexes developed so far, some fundamental chemistry of 
these complexes is still not well understood. For example, isomerism is a frequently encountered 
phenomenon during the synthesis of Re(O)(LO-N)2X13 and Re(O)(LO-N-N-O)X18 complexes. Individual 
isomers can have significantly different catalytic and biological activities, and synthesis procedure 
yielding a mixture of isomer products can add great challenges to product isolation and crystal structure 
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analysis.14 Thus, it is imperative to study the mechanisms controlling formation of individual isomers to 
develop strategies for controlled synthesis of desired structures. formation. Theoretically, there are four 
possible configurations for Re(O)(LO-N-N-O)X18 and six possible configurations for Re(O)(LO-N)2X,13 but 
the trans influence of oxo group reduces the diversity of experimentally observed isomers (Figure 3.1). 
Reinhoudt and coworkers19 found that the bridge length of LO-N-N-O, the nature of ligand X and reaction 
temperature influenced the configuration of Re(O)(LO-N-N-O)X products. Studies on Re(O)(LO-N)2Cl from 
Herrmann Group13 and Mösch-Zanetti Group14 suggest that steric hindrance of LO-N ligands favored the 
formation of N,N-trans isomer (A) over N,N-cis isomer (B). Structure E could be obtained when X = 
OMe.17 However, knowledge is still lacking on controlled synthesis and separation, as well as isomer-
specific structural, spectroscopic and catalytic properties of Re(O)(LO-N)2X isomers. Investigating these 
key details is necessary for developing new and improved Re catalysts and biomedical materials. 
Recently, our research team immobilized the Re(O)(hoz)2Cl precursor in Pd/C to prepare a novel 
heterogeneous catalyst, which hybridized oxorhenium single sites for oxygen atom transfer (OAT) from 
oxyanions with Pd0 nanoparticles for H2 activation.28,29 At room temperature, this catalyst enabled facile 
reduction of the toxic ClO4- contaminant by 1 atm H2 in drinking water30,31 into Cl- and H2O, exhibiting 
much higher activity than other reported chemical methods for ClO4- reduction under water treatment 
conditions. During preparation of the Re(O)(hoz)2Cl precursor, we observed a mixture of two 
Re(O)(hoz)2Cl isomers. A series of studies were conducted to characterize structural properties of the two 
species and compare their catalytic properties. We also investigated the controlling mechanism of isomer 
formation, and, for the first time, developed a facile strategy to fully convert the undesired isomer to the 
desired one with high reactivity with ClO4-. This contribution advances knowledge to Re coordination 
chemistry, and also provides insights for developing similar coordination complexes of other metals. 
Converting undesired isomers to the preferred structure during synthesis would tremendously enhance the 
cost-effectiveness of complex synthesis and application.   
 
3.2 Materials and Methods 
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3.2.1 General information 
The Re(O)(OPPh3)(SMe2)Cl3 precursor (Sigma-Aldrich) and other chemicals were purchased from 
Alfa-Aesar and Sigma-Aldrich, and used as received. NMR solvents were purchased from Cambridge 
Isotope Laboratories. Hhoz was synthesized from 2-hydroxybenzonitrile and ethanolamine with ZnCl2 
catalysis as previously described.29 NMR (Varian Unity INOVA, Vnmr 6.1c software, operating at a 
spectral frequency of 499.432 MHz), X-ray structure determination and elemental analysis were 
conducted in the NMR Lab, George L. Clark X-Ray Facility & 3M Materials Lab and the Microanalysis 
Lab in the UIUC School of Chemical Science, respectively. Temperatures for VT−NMR were calibrated 
with methanol (< 25°C ) and ethylene glycol (> 25°C). All operations except for heterogeneous 
perchlorate reduction catalysis were conducted under aerobic conditions. The Pd/C material (Sigma-
Aldrich, Degussa type E101 NO/W wet support, 5 wt% Pd) for heterogeneous catalysis was pretreated as 
previously described.32 Aqueous solutions were prepared using deionized (DI) water (Barnstead Nanopure 
system; resistivity >17.5MΩ cm). Ultra-high purity H2 gas (99.999%, Matheson) was used for 
heterogeneous catalysis experiments. 
3.2.2 Synthesis of N,N-trans Re(O)(hoz)2Cl 
A mixture of Re(O)(OPPh3)(SMe2)Cl3 (500 mg, 0.770 mmol), Hhoz (277 mg, 1.70 mmol), 2,6-
lutidine (490 µL, 454 mg, 4.24 mmol) and ethanol (30 mL) was stirred in a 50-mL flask in a 80°C oil bath. 
The mixture turned brown in the first 5 min and then gradually turned forest green in the following 10 
min. The green suspension was refluxed for 24 h. The cooled liquid phase was filtered off through a glass-
frit filter. The solid phase was sequentially washed with 4×1 mL ethanol and 4×1 mL diethyl ether to 
afford a green powder. Yield: 383 mg (88%). 1H NMR (500 MHz, CDCl3) δ 7.90 (dd, J = 8.1, 1.8 Hz, 1H), 
7.66 (dd, J = 7.9, 1.8 Hz, 1H), 7.41 (ddd, J = 8.7, 7.0, 1.8 Hz, 1H), 7.20 (ddd, J = 8.6, 7.3, 1.8 Hz, 1H), 
6.93 (ddd, J = 8.2, 7.2, 1.1 Hz, 1H), 6.85 (dd, J = 8.6, 1.2 Hz, 1H), 6.80 – 6.75 (m, 2H), 5.09 – 4.74 (m, 
6H), 4.32 – 4.21 (m, 2H). 1H NMR (500 MHz, CD3CN) δ 7.97 (dd, J = 8.3, 1.8 Hz, 1H), 7.70 (dd, J = 7.9, 
1.8 Hz, 1H), 7.52 (ddd, J = 8.7, 7.1, 1.8 Hz, 1H), 7.29 (ddd, J = 8.6, 7.2, 1.8 Hz, 1H), 7.00 (t, J = 7.5 Hz, 
1H), 6.94 – 6.82 (m, 2H), 6.76 (d, J = 8.4 Hz, 1H), 5.13 – 4.89 (m, 4H), 4.71 – 4.60 (m, 2H), 4.26 – 4.20 
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(m, 1H), 4.12 – 4.06 (m, 1H). Elemental analysis (C18H16N2O5ClRe) calculated: C, 38.47%; H, 2.87%; N, 
4.98%; Cl, 6.31%; Re, 33.13%, found: C, 38.34%; H, 2.56%; N, 4.90%; Cl, 6.14%; Re, 32.10%. Single 
crystals suitable for X-ray diffraction were grown from dichloromethane/pentane.  
3.2.3 Synthesis of N,N-cis Re(O)(hoz)2Cl  
A mixture of Re(O)(OPPh3)(SMe2)Cl3 (100 mg, 0.154 mmol), Hhoz (55 mg, 0.337 mmol), 2,6-di-tert-
butylpyridine (84 µL, 72 mg, 0.374 mmol) and ethanol (6 mL) was stirred in a 10-mL flask in a 80°C oil 
bath for 15 min. The mixture directly turned forest green in the first 5 min. After cooling down and 
filtration, the solid phase was washed with 2×1 mL ethanol and dissolved in CH2Cl2 for flash 
chromatography (silica gel / ethyl acetate). The product (Rf 0.7) was isolated from the N,N-trans isomer 
(tailed) as a green powder after solvent removal in vacuo. Yield: 41 mg (47%). 1H NMR (500 MHz, 
CDCl3) δ 7.81 (dd, J = 8.1, 1.8 Hz, H), 7.56 – 7.60 (m, 2H), 7.46 (dd, J = 8.6, 1.1 Hz, 1H), 7.19 (ddd, J = 
8.6, 7.2, 1.8 Hz, 1H), 6.94 (ddd, J = 8.0, 7.3, 1.0 Hz, 1H), 6.88 (ddd, J = 8.1, 7.1, 1.1 Hz, 1H), 6.73 (dd, J 
= 8.4, 1.1 Hz, 1H), 5.01 (ddd, J = 10.9, 8.6, 7.7 Hz, 1H), 4.87 (ddd, J = 10.5, 9.5, 8.6 Hz, 1H), 4.63 (dt, J 
= 10.6, 8.7 Hz, 1H), 4.52 (dt, J = 10.6, 8.5 Hz, 1H), 4.43 (ddd, J = 13.6, 10.8, 9.6 Hz, 1H), 4.13 (ddd, J = 
13.6, 10.4, 7.8 Hz, 1H), 4.01 (ddd, J = 12.3, 10.6, 8.4 Hz, 1H), 3.71 (ddd, J = 12.3, 10.6, 8.6 Hz, 1H). 1H 
NMR (500 MHz, CD3CN) δ 7.90 (dd, J = 8.0, 1.8 Hz, 1H), 7.68 – 7.63 (m, 2H), 7.27 (ddd, J = 8.6, 7.4, 
1.7 Hz, 1H), 7.23 (dd, J = 8.4, 0.9 Hz, 1H), 7.02 (ddd, J = 8.0, 7.2, 0.8 Hz, 1H), 6.97 (ddd, J = 8.0, 7.1, 
0.9 Hz, 1H), 6.62 (d, J = 8.3 Hz, 1H), 5.02 (dt, J = 10.2, 8.2 Hz, 1H), 4.91 (dt, J = 10.2, 8.8 Hz, 1H), 4.70 
(dt, J = 10.6, 8.8 Hz, 1H), 4.63 (dt, J = 10.6, 8.3 Hz, 1H), 4.20 – 4.09 (m, 2H), 4.04 (ddd, J = 12.5, 10.7, 
8.0 Hz, 1H), 3.77 (ddd, J = 12.5, 10.6, 9.0 Hz, 1H). Elemental analysis (C18H16N2O5ClRe) calculated: C, 
38.47%; H, 2.87%; N, 4.98%; Cl, 6.31%; Re, 33.13%, found: C, 38.41%; H, 2.71%; N, 4.82%; Cl, 6.37%; 
Re, 35.70%. Single crystals suitable for X-ray diffraction were grown from dichloromethane/toluene.  
3.2.4 Synthesis of [Re(O)(hoz)2][OTf] isomers 
N,N-trans or N,N-cis Re(O)(hoz)2Cl (50 mg, 0.089 mmol ), AgOTf (24 mg, 0.093 mmol) and CD3CN 
(5 mL) were stirred in a 10-ml flask at room temperature for 4 h. The white AgCl precipitate was filtered 
off through a glass pipette filled with glass wool. For the cation from N,N-trans Re(O)(hoz)2Cl: 1H NMR 
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(500 MHz, CD3CN) δ 7.97 (d, J = 7.8 Hz, 2H), 7.62 (t, J = 7.7 Hz, 2H), 7.14 (t, J = 7.7 Hz, 2H), 7.06 (d, 
J = 8.5 Hz, 2H), 5.18 (ddd, J = 10.9, 8.6, 7.0 Hz, 2H), 5.06 (dt, J = 10.3, 8.7 Hz, 2H), 4.71 – 4.59 (m, 2H), 
4.37 (br, 2H). For the cation from N,N-cis Re(O)(hoz)2Cl: 1H NMR (500 MHz, CD3CN) δ 7.99 (dd, J = 
8.1, 1.8 Hz, 1H), 7.85 (dd, J = 7.9, 1.8 Hz, 1H), 7.74 (ddd, J = 8.7, 7.1, 1.8 Hz, 1H), 7.47 (ddd, J = 8.5, 
7.3, 1.8 Hz, 1H), 7.23 (m, 2H), 7.07 (ddd, J = 8.1, 7.1, 1.2 Hz, 1H), 6.90 (dd, J = 8.4, 1.1 Hz, 1H), 5.06 
(ddd, J = 10.7, 8.7, 7.8 Hz, 1H), 4.98 (ddd, J = 10.5, 9.5, 8.6 Hz, 1H), 4.82 (dd, J = 10.2, 9.0 Hz, 2H), 
4.36 (ddd, J = 13.3, 10.8, 9.4 Hz, 1H), 4.23 (ddd, J = 13.4, 10.5, 7.9 Hz, 1H), 4.12 (dt, J = 12.0, 9.3 Hz, 
1H), 3.95 (dt, J = 12.1, 9.7 Hz, 1H). The dark green solutions were stored at -20°C. For the second cation, 
single crystals suitable for X-ray diffraction were grown from acetonitrile/ethyl acetate at room 
temperature.   
3.2.5 Synthesis of [H2hoz][Re(O)(hoz)Cl3] 
A mixture of Re(O)(OPPh3)(SMe2)Cl3 (81 mg, 0.125 mmol), Hhoz (43 mg, 0.264 mmol) and CH2Cl2 
(3 mL) was stirred in a 5-mL flask at room temperature for 4 h. After solvent removal in vacuo, the 
addition of chloroform (2 mL) turned the residual green oil into solid phase. The liquid phase was then 
filtered off to afford a light green powder. Yield: 30 mg (38%). 1H NMR (500 MHz, CD3CN) δ 10.17 (br, 
2H), 7.90 (dd, J = 8.1, 1.7 Hz, 1H), 7.74 (ddd, J = 8.9, 7.3, 1.7 Hz, 1H), 7.60 (dd, J = 7.9, 1.8 Hz, 1H), 
7.29 (d, J = 8.4 Hz, 1H), 7.23 (ddd, J = 8.8, 7.3, 1.8 Hz, 1H), 7.16 (ddd, J = 8.1, 7.4, 1.0 Hz, 1H), 7.00 
(ddd, J = 7.9, 7.2, 0.8 Hz, 1H), 6.80 (d, J = 8.3 Hz, 1H), 5.03 (t, J = 9.8 Hz, 2H), 4.92 (t, J = 9.6 Hz, 2H), 
4.22 (t, J = 9.8 Hz, 2H), 3.83 (t, J = 9.6 Hz, 2H). Single crystals suitable for X-ray diffraction were grown 
from acetonitrile/chloroform.  
3.2.6 Synthesis of [H-di-tBu-Py][Re(O)(hoz)Cl3] 
In a 10-mL flask placed in a 80°C oil bath, Re(O)(OPPh3)(SMe2)Cl3 (50 mg, 0.077 mmol) was stirred 
in 2.5 mL of ethanol and fully dissolved as a pale yellow solution. Hhoz (13 mg, 0.077 mmol) dissolved 
in 0.5 mL of ethanol was slowly added in the flask via a 1-mL needled syringe. The solution gradually 
turned bright green. Then 2,6-di-tert-butylpyridine (19 µL, 16 mg, 0.085 mmol) in 0.5 mL of ethanol was 
slowly added in the same way. After heating for another 15 min, the solvent was removed in vacuo. The 
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solid residual was washed with 3×0.5 mL ethanol and 3×0.5 mL chloroform to afford a light green 
powder. Yield: 38 mg (74%). 1H NMR (500 MHz, CD3CN) δ 11.21 (br, 1H), 8.47 (t, J = 8.2 Hz, 1H), 7.91 
(d, J = 8.2 Hz, 2H), 7.60 (dd, J = 7.9, 1.8 Hz, 1H), 7.23 (ddd, J = 8.4, 7.3, 1.8 Hz, 1H), 7.00 (ddd, J = 8.1, 
7.2, 1.1 Hz, 1H), 6.80 (dd, J = 8.3, 1.1 Hz, 1H), 4.92 (t, J = 9.6 Hz, 2H), 3.83 (t, J = 9.6 Hz, 2H), 1.54 (s, 
18H). The resonances corresponding to the Re-coordinated hoz matched those in [H2hoz][Re(O)(hoz)Cl3].  
3.2.7 Conversion of [H-di-tBu-Py][Re(O)(hoz)Cl3] into Re(O)(hoz)2Cl isomer mixture 
In the first method (one-pot synthesis), after preparing the [H-di-tBu-Py][Re(O)(hoz)Cl3] in solution 
as described above, another portion of Hhoz (13 mg, 0.077 mmol) and 2,6-di-tert-butylpyridine (19 µL, 
16 mg, 0.085 mmol) dissolved together in 1 mL of ethanol was quickly added in the green solution. After 
heating in the 80°C oil bath for 15 min during which time the green solid gradually precipitated out, the 
mixture was cooled down and filtrated. The green powder was washed with 3×0.5 mL ethanol and dried 
for subsequent analysis. In the second method, the purified [H-di-tBu-Py][Re(O)(hoz)Cl3] powder (13 mg, 
0.020 mmol) was redissolved in 2 mL of ethanol in a 5-ml flask in the 80°C oil bath. Hhoz (3.3 mg, 0.020 
mmol) and 2,6-di-tert-butylpyridine (5 µL, 4.3 mg, 0.022 mmol) dissolved together in 0.26 mL of ethanol 
was quickly added. The reaction was allowed to proceed for 15 min and the work up procedure followed 
the first method. The green powder was dissolved in CDCl3 and 1H NMR analysis showed only N,N-trans 
and N,N-cis Re(O)(hoz)2Cl in the product with a ratio of 51:49 and 48:52 out of the first and second 
method, respectively.  
3.2.8 Perchlorate reduction catalysis in homogeneous solution  
In a 5-mm NMR tube the stock solutions of [Re(O)(hoz)2][OTf] (20 mM in CD3CN), Me2S (0.5 M in 
CD3CN), and LiClO4 (2M in D2O) were sequentially mixed to yield a 0.5 mL of solution containing 0.1 
M of ClO4-, 0.4 M of Me2S and 4 mM of Re (TON = 100) with a ~95/5 (v/v) ratio of CD3CN/D2O. 
Conversion of Me2S to Me2SO, which indicated ClO4- reduction, was monitored by 1H NMR. To observe 
Re complex transformation after completion of catalysis, a 0.8 mL of solution containing 0.03 M of ClO4-, 
0.24 M of Et2S (excess) and 12 mM of Re (TON = 10) with a ~95/5 (v/v) ratio of CD3CN/D2O was 
monitored.  
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3.2.9 Perchlorate reduction catalysis in heterogeneous Pd/C 
A 50-mL pear-shaped flask was sequentially loaded with 3.8 mg of Re(O)(hoz)2Cl, 25 mg of Pd/C, a 
magnetic stir bar and 50 mL of water (pH 3.0, prepared by addition of 1 mM HCl). The flask was sealed 
with a rubber stopper, sonicated for 2 min with occasional shaking, and then placed in a 25 °C water bath. 
The suspension was stirred at 1100 rpm under 1 atm H2 (supplied through two stainless steel needles as 
gas inlet and outlet to the fumehood atmosphere) for 2 h to allow an adequate immobilization of 
Re(O)(hoz)2Cl precursor into Pd/C matrix.29 After that, NaClO4 stock solution (0.2 M in H2O) was 
introduced in the catalyst suspension. Aqueous samples were periodically collected from the H2 outlet and 
immediately filtered (0.45-μm cellulose membrane) to quench the reaction. ClO4- concentration was 
measured by ion chromatography (Dionex ICS-2000, IonPac AS16 column, 1.2 mL min-1 flow rate, 65 
mM KOH eluent, 30 °C column temperature. Cl- concentration was measured with an IonPac AS18 
column (1.0 mL min-1 flow rate, 32 mM KOH eluent, 30 °C column temperature) on the same system.  
3.2.10 Stopped flow experiments 
Equal volumes of [Re(O)(hoz)2][OTf] (0.5 mM in CD3CN) and LiClO4 (various concentrations in 
90/10 (v/v) CH3CN/H2O) solutions were quickly mixed with a manual stopped flow unit (Applied 
Photophysics) in a quartz cuvette with two light path lengths. Kinetics measurements were monitored by 
tracking absorbance at 500 nm (Shimazu 2550 UV-vis spectrophotometer, 1-cm light path). Absorbance 
spectra between 200 and 675 nm were collected at ~1 minute intervals through the 2-mm light path.  
3.2.11 DFT calculation 
The calculations based on crystal structures of N,N-trans and N,N-cis Re(O)(hoz)2Cl were performed 
with the Gaussian09 program.33 The density functional hybrid model B3LYP was used together with the 
6-31G* basis set for C, H, N and O. The Cl and Re atoms used a LANL2DZ basis set with an effective 
core potential (ECP) at rhenium. All results were verified as true minima by the absence of negative 
eigenvalues in the vibrational frequency analysis. The approximate free energies at 298 K were obtained 
as reported by Gaussian09. 
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3.3 Results 
3.3.1 Identification and characterization of Re(O)(hoz)2Cl isomers 
Initially, efforts aimed to synthesize the previously reported Re(O)(hoz)2Cl complex from heating 
Re(O)(OPPh3)(SMe2)2Cl3 and Hhoz (2 equivalents to Re) in boiling ethanol for 3 h.22 To scavenge HCl 
generated from ligand exchange, 2,6-lutidine (5 mol% excess to Hhoz) was used34 as a non-coordinating 
base. Re(O)(hoz)2Cl was previously proposed to have a N,N-trans configuration based on 1H NMR 
spectrum comparison with the structurally characterized N,N-trans Re(O)(hoz)2Br.12 However, 1H NMR 
characterization of the green powder obtained in this study revealed a mixture containing the reported 
Re(O)(hoz)2Cl as the major product (63%) plus a second product (37%) containing 8 aromatic protons 
and 8 diastereotopic aliphatic protons. Elemental analysis of the mixture product showed the composition 
of Re(O)(hoz)2Cl, suggesting that the second product was a Re(O)(hoz)2Cl not previously reported. 
Purification of the major Re(O)(hoz)2Cl product from the approximate 2:1 ratio mixture required 
laborious procedures. Three rounds of recrystallization with CH2Cl2/pentane were implemented to 
gradually reduce the minor product ratio in mixture, leading to a low recovery of the purified major 
product (1 g) from the initial mixture (4.2 g). Further enrichment of either product by recrystallization 
from the remaining liquid phase was not possible, because the ratio between the two isomers approached 
unity. However, the minor isomer could be separated by silica gel chromatography with pure ethyl acetate 
as a mobile phase, while the major isomer tailed in the column and partially decomposed.  
Despite the inefficient multi-round recrystallization and loss of the major product in silica gel column, 
purified forms of each isomer were obtained, enabling characterization of structural properties and 
catalytic activity. The purified major product 1 was crystallized with CH2Cl2/pentane as rectangular grains, 
and the purified minor product 2 was crystallized with CH2Cl2/toluene as long strips. Single crystal X-ray 
diffraction shows that the configuration of 1 is N,N-trans and the configuration of 2 is N,N-cis (Figure 
3.2). The other four Re(O)(hoz)2Cl configurations (N or Cl atom bound axially with respect to Re=O, 
Figure 3.1) did not form, demonstrating that the trans influence by the oxo group dominates in 
Re(O)(hoz)2Cl structure formation. The P21/c space group for both crystals (Table 3.1) suggests that each 
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isomer consists of a mixture of enantiomers. Both isomers take the distorted octahedral configuration 
(Table 3.2) that is common for oxorhenium(V) complexes.  
One significant structural difference between 1 and 2 is the angle between the two hoz ligand planes 
(98.63° for N,N-trans and 54.07° for N,N-cis, Figure 3.2). Comparison with previously reported crystal 
structures of Re(O)(LO-N)2Cl with ketiminato ligands14 and pyrazole-aryloxide ligands15 revealed an 
interesting trend that, in N,N-trans isomer the ligand bound perpendicular to the Re−Cl bond tends to 
bend towards Cl, while in N,N-cis isomer this ligand tends to bend away from Cl. 1 exhibited greater 
showed lower solubility in CH2Cl2 and CHCl3 than 2, while the trend was reversed in CH3CN. 
3.3.2 Preparation and structural characterization of [Re(O)(hoz)2]+ cation isomers 
Dark green [Re(O)(hoz)2(S)]+ cations (S = CH3CN or H2O) were prepared from Re(O)(hoz)2Cl 
isomers by chloride abstraction with AgOTf. The white AgCl precipitate formed faster in reaction with 1 
than with 2, indicating a higher binding affinity of Cl with Re in the N,N-cis isomer. This difference was 
utilized in separation of 2 from 1 with silica gel chromatography: 2 could be readily eluted as a bright 
green band, while movement of 1 was tailed due to the electrostatic interaction between [Re(O)(hoz)2]+ 
and silica. 
The cation 3 prepared from 1 showed a symmetry in 1H NMR spectrum for the two hoz ligands at 
room temperature, whereas the cation 4 prepared from 2 showed an asymmetric structure. Crystal of 3 
was previously characterized as a C2-symmetric [Re(O)(hoz)2(OH2)]+ structure with a H2O bound axially 
with respect to Re═O.35 However, crystallization of 4 yielded the same [Re(O)(hoz)2(OH2)]+ crystal as in 
the study on 3 (Table 3.1 and Figure 3.3). Highly disordered yellow and orange crystals were also 
obtained from the solution of 4 as trimers and tetramers36 of Re(O)(hoz)2 units. Since 3 and 4 do not 
interconvert in solution at room temperature, this C2-symmetric aqua complex should not be a dominant 
species in solution. Instead, it was more likely generated upon crystallization in the presence of H2O. 
Attempts to crystallize 3 and 4 in anhydrous solvents were not successful.  
The broad 1H NMR resonance at δ 4.36 and other relatively sharp aliphatic H resonances of 3 suggest 
a dynamic interconversion between different structures within the NMR time scale. As shown in Figure 
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3.4, when the temperature was lowered to -35°C, an asymmetric structure of 3 was observed. At the 
coalescence temperature of -12.9°C for the δ 7.89 − 8.03 resonance, the interconversion rate constant (k) 
was calculated to be 160 s-1:  
݇ ؆ ߨ߂ߥ√2   
where Δν indicates the resonance frequency difference between the two coalesced peaks. The intensity 
between each pair of the coalesced resonances remained 1:1 within the entire measured temperature range, 
indicating the interconversion between a pair of enantiomers15 instead of the previously proposed 
interconversion between a C2-symmetric six-coordinate [Re(O)(hoz)2(OH2)]+ and a C2-symmetric five-
coordinate [Re(O)(hoz)2]+.34 Berry pseudorotation via a five-coordinate intermediate is a possible 
mechanism of the interconversion (Scheme 3.1). In contrast, resonances of trace amount of 4 in solution 
of 3 did not alter at low temperatures. The resonances of 4 remained relatively sharp until the temperature 
was raised over 60°C, whereas the broad δ 4.36 peak of 3 (20% added in solution of 4) at room 
temperature became sharp due to even faster interconversion (Figure 3.4). Although the coalescence 
temperature for resonances of 4 cannot be reached (the upper limit for using CD3CN in VT−NMR is 
72°C), it can be estimated (i.e., Δν at the coalescence temperature higher than 72°C is no greater than Δν 
at a lower temperature) that the interconversion rate constant at 72°C is not higher than 190 s-1. Thus, the 
interconversion between the 4 and 4’ is significantly slower than that for 3 and 3’.  
Notably, the interconversion between two 4 and 4’ does not undergo a Berry pseudorotation process, 
because the five-member intermediate has mirror symmetry (Scheme 3.1). Thus, the slow solvent 
dissociation limits the interconversion rate at room temperature, most probably due to the high energy 
barrier from 4 or 4’ to the intermediate.  
3.3.3 Catalytic activity for ClO4- reductions 
The cation 3 showed much higher activity than 4 in catalytic ClO4- reduction in homogeneous 
CD3CN/D2O solution with alkyl sulfides as the reductant. As shown in Figure 3.5, 3 catalyzed an almost 
complete ClO4- reduction by stoichiometric amount of Me2S within 1 hour (TON = 100), whereas <50% 
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ClO4- reduction the reaction catalyzed by 4 was observed even after 24 h. 1H NMR analysis of the mixture 
after another set of TON = 10 reactions suggested that 3 returned to 1 while 4 returned to 2 (Figure B.1) 
due to buildup of Cl- in the reaction medium. Thus, 3 has a more sustained activity in the presence of 
excess Cl- than 4, most likely due to the faster dissociation of Cl- from the Re complex. The results also 
indicate that there is no mutual Re complex intermediate or transition state throughout the ReV-ReVII 
catalytic cycle of the two isomers; otherwise each of the two post-reaction mixtures would contain a 
mixture of 1 and 2 in a comparable ratio.    
Sulfide reduction of [ReVII(O)2(hoz)2]+ back to [ReV(O)(hoz)2(S)]+ had been previously measured to be 
4 orders-of-magnitude faster than the reaction between [ReV(O)(hoz)2(S)]+ and ClO4-.34 In addition, in 
absence of sulfide, the accumulated [ReVII(O)2(hoz)2]+ isomers quickly decompose (vide infra). However, 
no such decomposition products were detected in the aforementioned homogeneous catalysis solutions, 
indicating that the reduction of  [ReVII(O)2(hoz)2]+ isomers (5 and 6) are much faster than the oxidation of 
3 and 4 in the catalytic OAT cycle. It follows that the observed different ClO4- reduction rates can be 
attributed to different reaction rates between individual [ReV(O)(hoz)2(S)]+ isomers and ClO4-.    
1H NMR measurement during the catalytic ClO4- reduction (TON = 10, Et2S as reductant) with 4 showed 
that, at the beginning most Re was coordinating with Et2SO (Figure B.2). With the accumulation of Cl- 
from ClO4- reduction, this [Re(O)(hoz)2(OSEt2)]+ complex slowly turned to the precursor 2. In contrast, 
during the catalytic ClO4- reduction with 3, the Re(O)(hoz)2Cl complex 1 was the dominant Re species 
throughout the catalytic reaction. Therefore, dissociation of a series of ligands including Cl-, CH3CN and 
Et2SO from 4 has been identified to be much slower than from 3.  
UV-vis monitoring after a 1:1 mixing of 3 or 4 (in CH3CN) with LiClO4 (in 90/10 CH3CN/H2O) at 
500 nm in a stopped flow system showed that, 4 had a much longer induction period than 3 to be oxidized 
by ClO4- and ClOx- intermediate oxyanions. As shown in Figure 3.6, after the initial quick absorbance 
change due to the mixing of two solvents, absorbance of the mixture containing 3 immediately increased 
and reached a peak value within 3 min, after which it slowly decreased. In contrast, absorbance of the 
mixture containing 4 exhibited a lag of about 80 s before increasing in a profile similar to the mixture 
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containing 3. Elevated ClO4- concentrations shortened the lag period of 4 (Figure B.3 and B.4). With the 
same LiClO4 concentration, the absorbance increase from 3 and 4 were similar in intensity and rate. The 
500 nm absorption peak was previously attributed to the oxidation product [ReVII(O)(hoz)2]+.34 However, 
by comparing the full spectrum for the two isomers (Figure B.5), there was no significant difference of 
absorption profile after 5 min, indicating a quick decomposition of [ReVII(O)(hoz)2]+ isomers into the 
same degradation product. 
As shown in Scheme 3.2, a multi-step reaction mechanism is proposed for the measured oxidation of 
ReV complexes by ClO4-: (1) solvent ligand dissociates from ReV, (2) ClO4- and other ClOx- intermediates 
coordinates with the five-coordinate intermediate, (3) oxygen atom transfer from the coordinated –OClOx-
1 to ReV, and (4) stepwise hydrolysis of [ReVII(O)2(hoz)2]+. Although a numerical model fitting using only 
the absorption data at 500 nm is difficult, we can conclude from the experimental results including 
VT−NMR that k1/k-1 for 4 is significantly lower than the ratio for 3. This is proposed to be the major 
reason for the different reactivity of 3 and 4 with ClO4-. Besides, k4 dominates over k3 and k5 because the 
brown color species monitored at 500 nm was neither characteristic [ReVII(O)2(hoz)2]+ isomers nor free 
hoz ligand during the 30 min of measurement. This might be due to the presence of 5% H2O in system 
that caused quick hydrolysis of [ReVII(O)2(hoz)2]+.29,34 There was no significant difference between 3 and 
4 in the rates of OAT (i.e., the slope following the lag period) and the decomposition intermediate 
formation (Figure B.3 and B.4), such that the overall rates for the second and third step of the two 
isomers are similar. Therefore, the different catalytic activity for ClO4- reduction in homogeneous solution 
is mainly attributed to the different rates of solvent ligand dissociation from the cationic 
[ReV(O)(hoz)2(S)]+ complex.  
The activity difference between isomers was preserved in heterogeneous Re(hoz)2−Pd/C catalysts 
(prepared from the isomeric Re(O)(hoz)2Cl precursors) for catalytic ClO4- reduction in water. 1 and 2 
were immobilized in Pd/C with the aqueous adsorption process where the relatively hydrophobic Re 
complex molecules was transferred from bulk solid into activated carbon support matrix via a transient 
dissolution in water.29 Within 2 hours, over 90% of Cl- was released from both 1 and 2 (Figure B.6), 
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indicating a near completed immobilization of Re as cationic species at the heterogeneous surface.29 It 
should be pointed out that the heterogenization process is limited by the slow rate of Re complex 
dissolution from bulk crystals rather than Re−Cl dissociation. At 25 °C, both Re(hoz)2-Pd/C catalysts 
reduced ClO4- to Cl- with 1 atm H2 in water (pH = 3), but the catalyst prepared from 1 showed a pseudo-
first-order rate (2.19 h-1) constant 18 times higher than the catalyst prepared from 2 (0.12 h-1) (Figure 3.7). 
Therefore, being immobilized at the heterogeneous carbon-water interface, 3 was still more reactive 
towards ClO4- than 4, probably due to the faster rate of H2O dissociation, which is required for C binding. 
It follows that a synthetic strategy to exclusively yield 1 would be highly desirable for applications of 
ClO4- treatment for water purification and other OAT reactions. 
3.3.4 Formation mechanism and controlled synthesis of Re(O)(hoz)2Cl isomers 
The formation process for N,N-trans 1 and N,N-cis 2 were monitored during the synthesis. In the first 
10 min, most Re(O)(OPPh3)(SMe2)2Cl3 precursor was converted to an approximately 1:1 mixture of 1 and 
2. After that, 2 was slowly converted to 1 (Table 3.3, entries 1 to 3) under heating (80°C). Density 
function theory (DFT) calculation suggests that Gibbs free energy of 1 is 3.9 kcal mol-1 lower than 2, 
supporting the observed thermodynamic conversion from 2 to 1. Since 1 and 2 had low solubilities in 
ethanol and they precipitated out upon formation, attempts were made to accelerate the conversion by 
dissolving the ethanol-removed reaction mixture (containing the 63:37 mixture of 1 and 2 as well as the 
dissociated OPPh3 and protonated 2,6-lutidine) in boiling chloroform (61°C). However, the full 
dissolution in chloroform did not enhance the conversion; after 6 h the ratio between 1 and 2 was 65:35. 
In contrast, heating the partially dissolved 2 (purified) in boiling ethanol for 5 h resulted in an 8% 
conversion to 1. The addition of unprotonated 2,6-lutidine (2 equivalents to Re) accelerated the 
conversion in boiling ethanol; 23% of purified 2 was converted to 1 within 5 h. Thus, 2,6-lutidine was 
identified as a key factor in promoting the isomer conversion. 
Since the 2,6-lutidine added in a stoichiometric amount relative to Re was mostly protonated by HCl 
released from the reaction between Re(O)(OPPh3)(SMe2)2Cl3 and Hhoz, excess amount of 2,6-lutidine 
was added, which significantly accelerated conversion of 2 to 1 (Table 3.3, entries 5 to 8). The mixture 
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containing excess 2,6-lutidine quickly turned dark brown at the very beginning of reaction, and the brown 
color gradually faded within 5 min to yield a suspension of green powder. In comparison, the brown color 
did not develop when only a stoichiometric amount of 2,6-lutidine was used in the initial synthesis 
procedure. When only 2,6-lutidine (i.e., in absence of Hhoz) was added in the slightly yellow-green 
solution of Re(O)(OPPh3)(SMe2)2Cl3 either in ethanol (boiling) or in dichloromethane (room temperature), 
the solution instantly turned brown-black. This indicates coordination of the sterically hindered pyridine 
to Re. The 2,6-lutidine coordination with 3rd row transition metals such as Pt37,38 and Os39 had been 
reported previously. Therefore, in addition to serving as a base, coordination of 2,6-lutidine to Re may 
play an important role in facilitating Re(O)(hoz)2Cl isomer conversion from 2 to 1.   
To probe the mechanism of lutidine-promoted isomer conversion, the effects of using other pyridine 
bases with different steric and electronic effects were further examined. The use of non-substituted 
pyridine produced significant amount of unknown products due to the relatively strong N-Re coordination 
(Table 3.3, entry 9 and 10). The use of 2-methylpyridine, which exhibits a less steric hindrance to Re 
binding than 2,6-lutidine, converted most Re to Re(O)(hoz)2Cl isomers, demonstrating the necessity of the 
steric hindrance to ensure effective ligand exchange with hoz. However, 2-methylpyridine did not 
effectively promote the 2 to 1 conversion (Table 3.3, entry 11 and 12) in comparison to 2,6-lutidine. The 
use of 2,4-lutidine with a similar steric hindrance but higher electron density on N in comparison to 2-
methylpyridine resulted in an even faster 2 to 1 conversion (Table 3.3, entry 13 and 14) than using 2,6-
lutidine. Therefore, electron density on pyridine N and steric hindrance are key properties affecting the 2 
to 1 conversion. A facile procedure to synthesize 1 in high purity was thus established by simply adding 
excess amount of 2,6-lutidine (or 2,4-lutidine) and heating the mixture for 24 hours (Table 3.3, entry 8).  
Meanwhile strategies to obtain 2 in high purity was also explored, because of the potential value of 2 in 
structure-activity relationship studies on other Re(O)(LO-N)2X-catalyzed reactions, such as olefin 
epoxidation,14,15 hydrosilylation,23 C−H activation27 and so on. Since pyridine bases favored the 
conversion of 2 to 1, a synthesis procedure without using any base was conducted. A new product 
[H2hoz][Re(O)(hoz)Cl3] (Table 3.1, Table 3.4 and Figure 3.8) in a light green color was obtained along 
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with some 1, but 2 did not form. In the absence of pyridine bases, the oxazoline N in one Hhoz served as a 
base to scavenge the released proton from the phenol –OH in another Hhoz upon coordination with Re. 
Protons on the oxazoline moieties in both coordinated hoz ligand and the protonated [H2hoz]+ cation are 
enantiotopic (i.e., four triplets in 1H NMR spectrum). Since a base is necessary, the highly bulky non-
Lewis base 2,6-di-tert-butylpyridine40 was used to eliminate the possibility of pyridine coordination that 
facilitated the 2 to 1 conversion. The experimental results followed the prediction (Table 3.3, entry 15 
and 16) that no significant conversion was achieved as 2,6-lutidine did. This further consolidates the 
isomer conversion mechanism involving pyridine coordination. Besides, lowering the reaction 
temperature did not elevate the ratio of 2 (Table 3.3, entry 4) either.  
More importantly, at the very beginning the probability of forming 1 and 2 were identical. The 
identification of [Re(O)(hoz)Cl3]- indicates that, OPPh3 and SMe2 are the first two ligands in 
Re(O)(OPPh3)(SMe2)Cl3 to be exchanged with the first hoz. Then the second hoz would replace two 
chloride ligands in [Re(O)(hoz)Cl3]- and take the identical opportunity to form either N,N-trans 
configuration or N,N-cis configuration of the Re(O)(hoz)2Cl product. This mechanism was verified by 
obtaining a 1:1 mixture of 1 and 2 from thereaction between pre-synthesized [H-di-tBu-
Py][Re(O)(hoz)Cl3] and an equivalent of Hhoz with 2,6-di-tert-butylpyridine present in boiling ethanol 
for 15 min. However, the exact pathway for coordination of the second hoz with Re is still unknown, 
because it is difficult to conceive a symmetric intermediate that permits the identical energy barrier for 
forming 1 and 2. Nevertheless, we can conclude that the highest yield of 2 would be limited at ~50%. 
However, 2 can be readily isolated with silica gel chromatography. 
 
3.4 Discussion 
3.4.1 Re speciation and heterogeneous reaction mechanisms 
As summarized in Scheme 3.3, in the presence of a sterically hindered pyridine base, Hhoz transfers a 
phenolic proton to the base and the resulting anionic hoz ligand replaces OPPh3 and SMe2 in the original 
Re(O)(OPPh3)(SMe2)Cl3 to form the [Re(O)(hoz)Cl3]- complex. The trans influence of the oxo group 
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determines that the phenolate O coordinates axially and the oxazoline N coordinates in the equatorial 
plane. The trans effect of Cl might favor one of the two Cl’s located cis to the oxazoline N to dissociate 
first, enabling the second deprotonated hoz phenolate O to coordinate with Re. It is not clear whether and 
how the first hoz ligand and the remaining two Cl’s rotate in the five-coordinate Re(O)(hoz)Cl2  
intermediate to allow the formation of a 1:1 mixture of 1 and 2. But results from a separate research 
implies a complicated rotation process of the two LO-N ligands during the formation of Re(O)(LO-N)2Cl; we 
used the stepwise coordination strategy to synthesize a hybrid complex, Re(O)(hoz)(htz)Cl, from one 
equivalent of Hhoz and one equivalent of Hhtz (2-(2'-hydroxyphenyl)-2-thiazoline), but 1H NMR analysis 
shows that the same product was obtained no matter which ligand was introduced first. Therefore, the first 
hoz ligand coordinating axially with respect to Re=O in [Re(O)(hoz)Cl3]- does not necessarily remain in 
the same position when the second hoz exchanges with two of the Cl’s.  
After the formation of 1:1 mixture of 1 and 2, the reflux temperature enables the thermodynamic 
conversion from 2 to 1 due to the lower Gibbs free energy of 1. It should be pointed out that the purified 2 
did not convert to 1 at room temperature either in solution (CH2Cl2 or CHCl3) or in crystal forms after 
months of storage. Since the conversion in ethanol is more efficient than in chloroform, a polar 
environment is favorable to lower the energy barrier. Scrutiny of 1H NMR spectra of 1 and 2 identifies 
several slightly broadened resonances (e.g., broadening of 1 Hz aromatic couplings) for both isomers 
dissolved in CD3CN, while all resonances are sharp in CDCl3. However, the possibility of isomer 
conversion via cationic species upon chloride dissociation is excluded, because heating CH3CN solutions 
of 3 and 4 at 80°C for 4 h resulted only <5% interconversion into each other. We propose a mechanism 
that either EtOH or pyridines could replace one of the oxazoline N in 2 to open the chelate ring,16 and the 
resulting intermediate would undergo an interconversion such as a turnstile mechanism shown in Scheme 
3.4, where the two isomers could equilibrate based on their energy levels. Since a ΔG of 3.9 kcal mol-1 
significantly favors the dominance of 1 over 2 in the equilibrium, a complete conversion from 2 to 1 was 
thus achieved. Coordination with an electron-rich pyridine might further lower the conversion energy 
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barrier than with EtOH, such that excess pyridine accelerated the conversion. A moderate steric hindrance 
on pyridine is needed to ensure that the oxazoline N pendant could readily exchange with the pyridine.  
3.4.2 Implications on structure-activity relationship study 
Results demonstrate for the first time that the non-enantiomeric isomers of Re(O)(LO-N)2X can have 
significantly different catalytic activities. In previous studies, the comparison on different Re(O)(LO-N)2X 
complexes mainly focused the effects of ligand structure. Thus, results presented here emphasize the 
importance of comparing ligand effects using the same configuration of coordination. Another interesting 
phenomenon is that, most previously reported N,N-trans Re(O)(LO-N)2Cl was prepared from relatively 
bulky LO-N ligands.13,14 N,N-trans examples with relatively small ligands are rare.41 The Re(O)(LO-N)2Cl 
complexes prepared with hoz analogues, including pyrazole-aryloxides15 and htz,34 exhibit N,N-cis 
configuration from crystallography analysis.  Therefore, it is intriguing to investigate the underlying 
mechanism for Re(O)(hoz)2Cl to take N,N-trans as the dominant configuration. Furthermore, previous 
work reported that the [Re(O)(LO-N)2]+ enantiomers with fast interconversion were prepared from N,N-cis 
Re(O)(LO-N)2Cl,15,34 but in this study the [Re(O)(hoz)2]+ cation with fast enantiomer interconversion is 
prepared from N,N-trans Re(O)(hoz)2Cl. Efforts will be taken in the future to examine whether these 
unique properties of hoz are critical to the exceptional reactivity of Re(O)(hoz)2X complexes in OAT with 
ClO4- and in other reactions.  
It should be pointed out that the direction of pyridine-facilitated isomer conversion is determined by 
the intrinsic energy level of the isomers. It is possible that prolonged heating with excess base would 
yield 100% N,N-cis Re(O)(LO-N)2Cl with another ligand where this configuration is more stable. However 
this novel method would serve as a convenient way to minimize or even eliminate other isomers in the 
raw product, thus enabling facile product purification and reducing the possibility of getting incorrect 
structural information by growing single crystals in the presence of other isomers. 
3.4.3 Implications on water purification technology 
Perchlorate contamination of drinking water supplies is a serious problem and recently caused several 
incidents of water supply interruption in California.42 A life cycle assessment (LCA) study for drinking 
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water treatment of ClO4- showed that at least a 20-fold activity enhancement of the ReOx–Pd/C catalyst 
(prepared from reductive immobilization of ReO4-)32,43-45 is necessary for catalytic treatment to be 
competitive with conventional technologies (ion exchange and biological reduction).46 Since the rate-
limiting step for ClO4- reduction is the OAT from ClO4- to Re, improving reactivity of the immobilized 
Re component is vital for reducing the loadings of immobilized Re and Pd. The different activities of 
Re(hoz)2–Pd/C catalyst prepared from 1 and 2 demonstrate the importance of isomer formation control, 
because 1 provided a Re(hoz)2–Pd/C catalyst  >90 times more active than ReOx–Pd/C, while 2 provided a 
Re(hoz)2–Pd/C merely 4 times more active than ReOx–Pd/C. Therefore, this work shows that developing 
effective strategies for isomer control contributes both fundamental understanding of oxorhenium 
chemistry, as well as development of innovative water treatment technologies.  
   
3.5 Conclusions 
The N,N-trans and N,N-cis isomers of Re(O)(hoz)2Cl showed different properties including ligand 
plane bending, Re−Cl affinity and molecular polarity. The corresponding [Re(O)(hoz)2]+ cations showed 
significantly different rates of dynamic interconversion between enantiomers and reactivity with ClO4-, 
most probably due to the different rates of solvent ligand dissociation. Following the formation of 
[Re(O)(hoz)Cl3]- after the first hoz coordination, the second hoz coordination had identical opportunities 
to yield either N,N-trans or N,N-cis Re(O)(hoz)2Cl. Addition of excess sterically hindered pyridine bases 
in ethanol enabled a fast conversion from the less reactive N,N-cis Re(O)(hoz)2Cl isomer to the 
thermodynamically favored and more reactive N,N-trans isomer. Electron density on pyridine N and 
steric hindrance influenced the conversion rate, supporting the conversion mechanism involving a 
coordinated pyridine with Re. Strategies on synthesis and purification of the two isomers are established. 
This fulfills the requirement to develop a sustainable water purification catalyst, and paves the road for 
future studies on the versatile Re(O)(LO-N)2X complexes.  
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Tables and Figures 
 
 
Table 3.1 Crystal data and refinement details for the characterized complexes.  
 N,N-trans Re(O)(hoz)2Cl N,N-cis 
Re(O)(hoz)2Cl•C7H8 
[Re(O)(hoz)2(H2O)] 
[OTf] 
[H2hoz] 
[Re(O)(hoz)Cl3] 
Formula  C18H16ClN2O5Re C25H24ClN2O5Re C19H18F3N2O9ReS C18H18Cl3N2O5Re 
Formula weight  561.98 654.11 693.61 634.89 
Temperature (K) 193(2)  173(2)  188(2)  188(2)  
Wavelength (Å) 0.71073 1.54178 0.71073 0.71073 
Crystal system  monoclinic monoclinic triclinic monoclinic 
Space group  P21/c P21/c P1 P21/c 
a (Å) 9.2210(9) 17.5402(6)  11.8818(3) 9.8742(8) 
b (Å) 7.9281(8) 7.4270(2) 13.6186(4) 15.0566(12) 
c (Å) 23.284(2) 19.3930(6) 14.7507(4) 3.6439(11) 
α (deg) 90 90 108.1620(10) 90 
β (deg) 95.854(4) 110.2000(10) 93.3860(10) 90.1360(10) 
γ (deg) 90 90 99.3290(10) 90 
V (Å3) 1693.3(3) 2370.96(13)  2222.61(11) 2028.5(3) 
Z 4 4 4 4 
ρcalc (g cm-3) 2.204 1.832 2.073 2.079 
Absorption coefficient (mm-1) 7.370 11.399 5.642 6.419 
F(000) 1080 1280 1344 1224 
Crystal size (mm3) 0.492 × 0.266 × 0.206  0.323 × 0.314 × 0.054  0.465 × 0.169 × 0.03  0.322 × 0.127 × 0.05  
θ range (deg) 1.76 − 25.69 7.58 − 68.07 1.46 − 25.51 1.35 − 26.41 
Index ranges -11 ≤ h ≤ 11 -20 ≤ h ≤ 21 -14 ≤ h ≤ 14 -12 ≤ h ≤ 12 
-9 ≤ k ≤ 9 -8 ≤ k ≤ 8 -16 ≤ k ≤ 16 -18 ≤ k ≤ 18 
-28 ≤ l ≤ 27 -23 ≤ l ≤ 18 -17 ≤ l ≤ 17 -17 ≤ l ≤ 17 
No. of reflections collected 23771 23318 31644 24087 
No. of independent rflns, Rint 3209, 0.0239 4216, 0.0274 8247, 0.0252 4160, 0.0295 
Completeness to θ = 25.69° 99.7 %  97.8 %  99.5 %  100.0 %  
Absorption correction integration integration integration integration 
Max. and min. transmission 0.4314 and 0.1966 0.6635 and 0.1665 0.8483 and 0.1558 0.7524 and 0.2258 
Refinement method full-matrix  
least-squares on F2 
full-matrix  
least-squares on F2 
full-matrix  
least-squares on F2 
full-matrix  
least-squares on F2 
Data/restraints/parameters 3209 / 0 / 244 4216 / 0 / 309 8247 / 0 / 643 4160 / 0 / 269 
Goodness-of-fit on F2 1.033 1.138 1.041 1.052 
R1/wR2 (I > 2σ(I)) 0.0286 / 0.0763 0.0214 / 0.0554 0.0166 / 0.0395 0.0152 / 0.0366 
R1/wR2 (all data) 0.0300 / 0.0772 0.0217 / 0.0557 0.0189 / 0.0405 0.0164 / 0.0372 
Largest diff. peak/hole (e Å-3) 1.741 and -1.198 0.905 and -0.865 1.419 and -0.567 0.820 and -0.508 
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Table 3.2 Selected Bond Distances (Å) and Angles (deg) for N,N-trans and N,N-cis Re(O)(hoz)2Cl. 
 N,N-trans  
Re(O)(hoz)2Cl (1)
N,N-cis  
Re(O)(hoz)2Cl (2) 
Re(1)−O(1)  1.671(5) 1.6902(18) 
Re(1)−O(2)  1.977(4) 2.0006(16) 
Re(1)−O(4)  1.989(4) 1.9863(17) 
Re(1)−N(1)  2.090(5) 2.113(2) 
Re(1)−N(2)  2.039(5) 2.099(2) 
Re(1)−Cl(1)  2.3828(15) 2.3700(6) 
   
O(1)-Re(1)-O(2) 170.9(2) 164.68(8) 
O(1)-Re(1)-O(4) 97.4(2) 105.23(8) 
O(1)-Re(1)-N(1) 90.5(2) 89.53(8) 
O(1)-Re(1)-N(2) 99.8(2) 87.78(9) 
O(1)-Re(1)-Cl(1) 92.66(17) 100.24(7) 
O(4)-Re(1)-N(1) 86.33(18) 164.47(8) 
N(1)-Re(1)-N(2) 169.3(2) 96.79(8) 
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Table 3.3 Formation of N,N-trans (1) and N,N-cis (2) isomers of Re(O)(hoz)2Cl.a 
entry base base amountb time 1:2c 
1 
 
1 
 
10 min 53:47 
2 3 h 63:37 
3 18 h 77:23 
4d  12 hd 52:48d
5 2.5 
 
10 min 54:46 
6 1 h 60:40 
7 3 h 93:7 
8 24 h 100:0 
     
9 
 
2.5 10 min N/Ae 
10 1 h N/Ae 
     
11 
 
2.5 10 min 50:50 
12 1 h 52:48 
     
13 
 
2.5 10 min 57:43 
14 1 h 72:28 
     
15 2.5 10 min 49:51 
16 1 h 51:49 
aReaction conditions: Re(O)(OPPh3)(SMe2)Cl3 (20 mg, 0.031 mmol), Hhoz (10.1 mg, 0.062 mmol), 
ethanol (1.2 mL), reflux (80°C oil bath).  
bIn equivalent to Hhoz.  
cRatio determined with 1H NMR (500 MHz, CDCl3) from integration area of δ 7.90 (N,N-trans) and δ 
7.81 (N,N-cis) doublets. 
dReaction at room temperature. 
eUnknown products besides Re(O)(hoz)2Cl isomers also formed. 
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Table 3.4 Selected Bond Distances (Å) and Angles (deg) for [H2hoz][Re(O)(hoz)Cl3]. 
 [H2hoz][Re(O)(hoz)Cl3]
Re(1)−O(1)  1.6841(17) 
Re(1)−O(2)  1.9778(16) 
Re(1)−N(1)  2.0983(19) 
Re(1)−Cl(1)  2.4701(6) 
Re(1)−Cl(2)  2.3690(6) 
Re(1)−Cl(3)  2.3621(7) 
O(1)-Re(1)-O(2) 166.67(8) 
O(1)-Re(1)-N(1) 89.72(8) 
O(1)-Re(1)-Cl(1) 87.67(6) 
O(1)-Re(1)-Cl(2) 101.41(6) 
O(1)-Re(1)-Cl(3) 97.94(6) 
N(1)-Re(1)-Cl(2) 168.73(6) 
Cl(1)-Re(1)-Cl(3) 174.24(2) 
Cl(2)-Re(1)-Cl(1) 91.11(2) 
Cl(2)-Re(1)-Cl(3) 89.08(2) 
 
 
  
72 
 
 
 
Figure 3.1 Possible configurations of Re(O)(LO-N-N-O)Cl and Re(O)(LO-N)2Cl complexes. Highlighted 
structures have been experimentally obtained. Prime indicates enantiomer. 
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Figure 3.2 ORTEP diagrams (35% probability thermal ellipsoids) of (a) N,N-trans Re(O)(hoz)2Cl and (b) 
N,N-cis Re(O)(hoz)2Cl with Re=O upright, and side views of (c) N,N-trans Re(O)(hoz)2Cl and (d) N,N-
cis Re(O)(hoz)2Cl with hoz eclipsed and Re−Cl upright. Hydrogen atoms are omitted for clarity. 
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Figure 3.3 ORTEP diagram (35% probability thermal ellipsoids) of [Re(O)(hoz)2(H2O)][OTf] crystallized 
from the solution of 4. Only one of the two crystallographically independent molecules is shown. 
Hydrogen atoms and [OTf]- anion are omitted for clarity. 
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Figure 3.4 Variable temperature 1H NMR (500 MHz, CD3CN) spectra of cations 3 and 4. Asterisks in the 
-34.8 °C spectrum indicate resonances of trace amount of 4 in the solution of 3. 
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Figure 3.5 Homogeneous ClO4- reduction (as indicated by sulfide oxidation) by [Re(O)(hoz)2]+ cation 
isomer 3 (left) and 4 (right). Reaction conditions: [Re(O)(hoz)2]+ (1 mM), LiClO4 (25 mM) and Me2S 
(100 mM) in 95/5 (v/v) CD3CN/D2O. 
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Figure 3.6 Adsorption at 500 nm after 0.25 mM [Re(O)(hoz)2]+ cations was mixed with 0.25 mM LiClO4 
in 95/5 CH3CN/H2O at room temperature. 
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Figure 3.7 Heterogeneous aqueous ClO4- reduction by 1 atm H2 catalyzed with Re(hoz)2−Pd/C prepared 
from 1 (left) and 2 (right). Reaction conditions: 500 mg L-1 loading of 5 wt% Re and 5 wt% Pd catalyst, 
pH = 3, 1 mM NaClO4. 
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Figure 3.8 ORTEP diagram (35% probability thermal ellipsoids) of [H2hoz][Re(O)(hoz)Cl3]. Hydrogen 
atoms and [H2hoz]+ are omitted for clarity. 
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Scheme 3.1 Proposed mechanism for [Re(O)(hoz)2(S)]+ cation enantiomer interconversion. 
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Scheme 3.2 Proposed mechanisms of ReV oxidation by ClOx-. 
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Scheme 3.3 Proposed reaction pathway for Re(O)(hoz)2Cl isomers formation at the beginning. 
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Scheme 3.4 Proposed mechanism for pyridine-facilitated conversion of N,N-cis Re(O)(hoz)2Cl to N,N-
trans Re(O)(hoz)2Cl. 
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CHAPTER 4 
 
KINETICS AND STABILITY OF PERCHLORATE REDUCTION USING A 
RE–PD/C CATALYST WITH IMMOBILIZED OXORHENIUM COMPLEX 
UNDER WATER TREATMENT CONDITIONS 
 
 
4.1 Introduction 
Perchlorate (ClO4-) is an endocrine disrupting compound that affects iodine uptake in thyroid gland.1 
Excess uptake of ClO4- may alter thyroid hormone level and metabolism in the human body, especially in 
pregnant women, fetuses, and infants.2,3 In animal studies, abnormalities regarding morphology, growth, 
and reproduction were observed for different species upon exposure to excess ClO4-.4-7 Due to the 
atmospheric formation8-11 and anthropogenic disposal,12,13 ClO4- has been widely detected in 
groundwater,14-16 tap water,17 agricultural products18-21 and even breast milk.2,22  
In 2011, the U.S. EPA announced plans to set a national drinking water standard for ClO4-.23 It is 
imperative to develop effective and efficient technologies to treat ClO4- impaired source waters. The 
current state of practice relies on using selective ion exchange resins to remove ClO4- from drinking water. 
Subsequent disposal or treatment is still necessary for the physically captured ClO4-. Biological treatment 
has been proposed to reduce ClO4- to Cl-, but concerns for pathogens in drinking water and increased 
process complexity24 are hindering its acceptance. Various chemical treatment methods to reduce ClO4- 
are also being explored,25-30 but most of these require harsh conditions (e.g., >100 °C under pressure) 
and/or a large excess of reductants (e.g., Fe0, Fe2+, or Ti3+) in order to overcome the large activation 
energy barrier of ClO4- reduction.  
Supported hydrogenation metal nanoparticles such as palladium (Pd) can readily reduce several toxic 
oxyanions such as bromate (BrO3-)31-33 and nitrite (NO2-)34-36 with H2 gas, but their performance in ClO4- 
reduction is still not satisfactory.37 However, the combination of Pd with an oxygen atom transfer (OAT) 
agent rhenium (Re) on activated carbon (Re−Pd/C) enables ClO4- reduction to Cl- and H2O by H2 gas 
under ambient conditions (i.e., room temperature and atmospheric pressure).38 The immobilized ReV 
species sequentially abstract oxygen atoms from ClOx- substrates, while Pd activates H2, reduces oxygen 
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on the oxidized ReVII to H2O, and regenerates reactive ReV for another catalytic cycle. We previously 
demonstrated that a Re–Pd/C catalyst prepared from perrhenate (ReO4-) (i.e., ReOx–Pd/C) reduced ClO4- 
in a waste ion-exchange regenerant brine under mildly acidic conditions (i.e., pH around 3).39  
A recent life cycle assessment (LCA) study for drinking water treatment of ClO4- suggested that a 20-
fold activity enhancement would make the catalytic treatment to be competitive with ion exchange and 
biological reduction.40 To meet this goal, a new Re–Pd/C catalyst (i.e., Re(hoz)2–Pd/C) was recently 
developed using an oxorhenium complex, ReV(O)(hoz)2Cl (hoz = 2-(2’-hydroxyphenyl)-2-oxazoline),41,42 
as the precursor. The complex was non-covalently immobilized on Pd/C as an “engineered enzyme”, 
which is analogous to the highly active metal center in metalloenzymes (e.g., molybdenum complex in 
chlorite dismutase) for microbial ClO4- reduction.43  Although activity of the artificial metal complex is 
lower than naturally occurring metalloenzymes, the engineered combination of Re and Pd on carbon 
surface enables the use of H2 as a clean electro donor and avoids using carbon sources and cultivation 
procedures for microbe growth and enzyme expression. The resulting heterogeneous Re(hoz)2–Pd/C 
catalyst showed 100 times higher ClO4- reduction activity than ReOx–Pd/C,44,45 suggesting a promising 
potential of applying hybridized single site metal complexes and nanoparticles in water treatment.  
The redox cycle between [ReV(O)2(hoz)2]+ and [ReVII (O)2(hoz)2]+ at the catalyst-water interface 
enabled ClO4- reduction, but meanwhile the hydrolysis of the ReVII complex to ReO4- could potentially 
occur, resulting in lower catalyst activity.45 This is due to the comparable rates of highly active ReV 
oxidation by ClOx- intermediates and ReVII reduction by Pd-activated hydrogen (Pd–H) (Figure 4.1). For 
practical water treatment, various naturally occurring or engineering added (e.g., concentrated NaCl for 
ion exchange resin regeneration) constituents are present besides ClO4-. These have been shown to inhibit 
contaminant reduction using Pd-based catalysts, and relevant mechanisms include reactive site 
competition, Pd surface binding, and electrostatic interaction.32,33,46,47 It is important to examine the 
effects of these constituents on the novel Re(hoz)2–Pd/C catalyst in aspects of both ClO4- reduction 
activity and catalyst deactivation (i.e., decomposition of [ReVII (O)2(hoz)2]+ to ReO4-).  
88 
 
In this contribution we evaluated the effects of halides, inert oxyanions, reactive NO3- and ClO4-, 
cations and pH on the kinetics and stability of Re(hoz)2–Pd/C catalyst. ClO4- reduction in a bottle water 
sample were also examined. Controlling mechanisms at the heterogeneous catalyst-water interface are 
proposed. Implications on drinking water and concentrated waste stream treatment using Re(hoz)2–Pd/C 
are evaluated.   
 
4.2 Materials and Methods 
4.2.1 Materials and Reagents 
Ultra-high purity H2 gas (99.999%, Matheson), standard 1 N HCl solution (Acros Organics) 
and all other chemicals (≥99% purity, from Sigma-Aldrich or Fisher Scientific) were used as 
received. Synthetic solutions were prepared with deionized (DI) water (Barnstead Nanopure 
system; resistivity >17.5 MΩ cm). Treatment of the 5 wt% Pd/C (Sigma-Aldrich, Degussa type 
E101 NO/W wet support) and synthesis of Re(O)(hoz)2Cl are described in the previous work.45,48 
4.2.2 Preparation of Re(hoz)2-Pd/C catalyst and reactor setup 
Details of the preparation method are provided in the previous work.45 Briefly, for reactions 
performed at pH ≤ 3, a 50-mL flask was loaded with 3.8 mg of Re(O)(hoz)2Cl, 25 mg of Pd/C and a 
magnetic stir bar. Water (50 mL, pH pre-adjusted to 3 or 2 using 1 mM or 10 mM HCl) was then added. 
The flask was sealed with a rubber stopper and sonicated for 2 min. The reactor was put in a 25 °C water 
bath and sparged with 1 atm H2 (two stainless steel needles penetrating the stopper as gas inlet and outlet, 
respectively) while stirring for 2 hours. The resulting catalyst suspension was ready for ClO4- reduction 
experiments. For reactions at pH ≥ 4, pH control was needed since the pH of the catalyst suspension in DI 
water (no HCl added) dropped from 5.9 to 3.6 upon H2 sparging.44 A 200-mL three-neck flask was used 
and loaded with 11.4 mg of Re(O)(hoz)2Cl, 75 mg of Pd/C and 150 mL of water. The other two necks of 
the flask were fitted with a pH electrode (Thermo Orion 8272 BN PerpHecT ROSS Sure-Flow) and an 
NaOH solution (0.1 M) feed line, respectively, both of which were connected to an automatic pH-stat 
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instrument (Radiometer Analytical TIM854). For NO3- reduction experiments, the pH was maintained by 
the pH-stat with HCl (0.1 M) addition because of H+ consumption.39  
4.2.3 Perchlorate, chlorate and nitrate reduction  
Prior to ClO4- addition (as NaClO4), stock solutions of the water matrix components were added in 
the catalyst suspension. Anions (CT = 10 mM) were introduced individually as sodium salts; cations were 
introduced individually as chloride salts (Cchloride = 10 mM). For phosphate and sulfate addition, H3PO4 
(pKa1 = 2.15) and NaHSO4 (pKa2 = 1.99) solutions were used, and the pH was raised to 3.0 using NaOH. 
For reactions performed at pH ≤ 3, no pH-stat was used and the pH value decreased no more than 0.1 unit 
throughout the experiment. For reactions performed at pH ≥ 4, the pH was raised and maintained by pH-
stat. Reactions were monitored immediately after ClO4- was introduced (as NaClO4) by taking suspension 
aliquots from the H2 outlet needle and immediately filtering (0.45-μm cellulose membrane) for 
subsequent analysis. Batch reactors were continuously sparged with H2 (~ 2 mL min-1) and stirred (350 
rpm) during ClO4- reduction experiments. Higher H2 flow rate and stirring rates did not affect ClO4- 
reduction rates. Similar procedures were used to measure ClO3- reduction (as KClO3) by Pd/C (i.e., 
without Re immobilized) and NO3- reduction (as NaNO3) by either In2O3–Pd/C or Re(hoz)2–Pd/C.  
4.2.4 Water sample analysis 
Anions in water samples were analyzed with a Dionex ICS-2000 ion chromatography (IC) system 
equipped with a 25-μL sample injection loop and a suppressed conductivity detector. For ClO4- and ReO4-, 
an IonPac AS16 column maintained at 30 °C was used as the stationary phase and 65 mM KOH at 1.2 mL 
min-1 was the eluent. For samples containing divalent cations (i.e., Ca2+, Mg2+, Fe2+ and Mn2+), the metals 
were precipitated at pH 13 and filtered before analysis. For NO3- and ClO3-, an IonPac AS18 column 
maintained at 30 °C was used as the stationary phase and 32 mM KOH at 1.0 mL min-1 was used as eluent. 
When SO42- and Br- were present, ClO3- was analyzed on an IonPac AS19 column at 30 °C with 32 mM 
KOH at 1.0 mL min-1 as the eleuent.   
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4.3 Results 
4.3.1 Catalyst activity and stability under the control condition 
Reduction of 1 mM ClO4- by 0.5 g L-1 Re(hoz)2–Pd/C catalyst (nominally 5 wt% Re and 5 wt% Pd) at 
pH 3 showed a pseudo-first-order kinetics with a half-life of 16 min (Figure 4.2), demonstrating a highly 
active and efficient ClO4- reduction in comparison with all reported chemical reduction methods.45 The 
amount of Re leached as ReO4- throughout ClO4- reduction was below 2% of total Re in catalyst. After 
most ClO4- was reduced, ReO4- was re-immobilized back into Pd/C support as ReV and ReI oxide cluster 
species.48,49 They have a much lower ClO4- reactivity than the intact [ReV(O)(hoz)2]+ structure.45 ReO4- 
leaching during ClO4- reduction is mainly attributed to the formation of ClOx- intermediates that show 
much higher reactivity than ClO4- in oxidizing ReV to ReVII.45 
4.3.2 Effects of inert anions 
Chloride (Cl-) and sulfate (SO42-) are the two most common anions in natural water. In order to 
facilitate probing their interactions with catalyst and generalize the anion effects from the chemical 
property aspect, bromide (Br-) and iodide (I-) were compared with Cl-, and phosphate (H2PO4-) was 
compared with sulfate. Carbonate (pKa1 = 6.37) was not tested here due to the acidic pH where the 
catalyst showed the best performance (vide infra). As shown in Figure 4.3a, ClO4- reduction activity in 
the presence of 10 mM anions were all lower than that of the control. The two inert oxyanions (SO42- and 
H2PO4-) decreased activity by ~35%, while Cl- and Br- decreased the activity by ~60%. I- had the most 
significant effect that decreased the activity by ~80%. With the exception of I-, less ReO4- from Re(hoz)2–
Pd/C was observed than that of the control.  
To differentiate the effects of anions on Re and Pd component of Re(hoz)2–Pd/C, anion effects on 
ClO3- reduction activity using only Pd/C (without immobilized Re) were also evaluated. As shown in 
Figure 4.3a, the halide anions exhibited the inhibition trend of Cl- < Br- < I- as the polarizability increases 
to match the high polarizability of Pd (i.e., soft acid). This agrees to the previous study where Pd on 
various supports were examined for H2 conversion in acidic aqueous solutions.50 Since ClO4- cannot be 
reduced by Pd/C, it was also tested as an inert oxyanion during ClO3- reduction. All the three oxyanions 
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showed less inhibition than the halides, due to their hard base nature that results in a weak affinity of 
binding with Pd. 
The results of ReO4- leaching from Re(hoz)2–Pd/C and anion inhibition on Pd as probed by ClO3- 
reduction experiments suggest an inhibition mechanism of competitive anion binding on [ReV (O)(hoz)2]+. 
Anions inhibit Pd activity and would thus slow down the reduction of [ReVII (O)2(hoz)2]+. As shown in 
Figure 4.1, this would lead to more [ReVII (O)2(hoz)2]+ accumulation and thus more hydrolytic 
decomposition to ReO4-. However, less ReO4- leaching was observed, indicating that the oxidation of 
[ReV (O)(hoz)2]+ was retarded by the addition of anions. Re–Cl,51 Re–Br52 and Re–I53 coordination 
structures are common for oxorhenium compounds. The tested oxyanions also have weak coordinating 
capability with metals. Excess inert anions slowed down the rate of ReV oxidation by competing with 
ClO4- (the only oxidizing species), thus the steady state concentration of [ReVII(O)2(hoz)2]+ would be 
lower than that under the control condition, leading to less detected ReO4- in water. Since the surface 
charge of the studied Pd/C material is negative under H2 sparging,48 the electrostatic attraction 32,54 
between the anions and catalyst surface does not apply for explaining the anion inhibition. As the only 
multivalent anion at pH 3, SO42- did not show higher inhibition than other monovalent anions. 
In the presence of I-, the highest ReO4- leaching from Re(hoz)2–Pd/C and the lowest activity of ClO3- 
reduction by Pd/C are observed. This suggests that the ratio between the rate of ReV oxidation by ClOx- 
substrates (rox) and the rate of ReVII reduction by Pd–H (rred), rox/rred, was higher for I- than for other 
anions.  
The proposed inhibition mechanism on both Re and Pd components is further supported by the 
experiments with different Cl- concentrations. As shown in Figure 4.3b, the similar inhibition of Pd/C-
catalyzed ClO3- reduction by 0.1 M and 1 M Cl- suggests a saturation of Cl- binding to lower the 
hydrogenation capability of Pd nanoparticles. However, the inhibition of Re(hoz)2–Pd/C-catalyzed ClO4- 
reduction by 1 M Cl- was 5 times lower than that by 0.1 M Cl-. This disparity suggests different inhibition 
mechanisms between Re(hoz)2–Pd/C and Pd/C. The response of ReV complex to excess Cl- is more 
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sensitive than Pd nanoparticles. ReO4- leaching also decreased with increasing Cl- concentration, because 
less [ReV(O)(hoz)2]+ was available to bind with ClO4- and then get oxidized to ReVII.  
It is also important to note that, reduction of 1 mM ClO4- in the presence of 1 M NaCl was complete 
(Figure 4.3b). Although severely inhibited by concentrated Cl-, the normalized rate constant of Re(hoz)2–
Pd/C is still ~80% higher than that of ReOx–Pd/C under the same condition. The latter catalyst was not 
inhibited by concentrated Cl- and thus used for treating ClO4- in ion-exchange (IX) regenerant brine.39 
4.3.3 Effects of ClO4- concentrations 
Experiments above have demonstrated that the amount of Re leaching can be evaluated and predicted 
using the relative ratio between rox and rred. Reduction experiments with different ClO4- concentrations 
further support this approach. As shown in Figure 4.4, when initial ClO4- concentration was elevated to 5 
mM and 10 mM, the highest ReO4- leaching was respectively 19% and 31% of the total immobilized Re. 
This also shows much stronger effects of reactive oxyanions on catalyst stability than inert anions. In 
addition, the detected hoz ligand concentration in the significant Re leaching samples was < 10 μg/L (61 
nM), indicating that most hoz ligand from Re complex decomposition still remained in activated carbon 
matrix. In contrast, at low ClO4- concentrations (e.g., 10 and 100 µM), the ReO4- leaching was below 
detection limit (~0.2 µM) throughout the reaction. Higher ClO4- concentrations led to higher rox, whereas 
rred did not change much because ClO4- is an inert substrate and a weak ligand towards Pd. Thus the 
higher rox/rred ratio determined higher ReO4- leaching. The initial ClO4- reduction rate gradually reached a 
plateau not only because of the surface reaction site saturation, but also due to the decomposition of high 
activity Re complexes. To minimize Re leaching, the Re(hoz)2–Pd/C catalyst is mostly suiTable 4.to treat 
water with <1 mM ClO4- in batch reactors.  
4.3.4 Effects of nitrate 
NO3- is a co-contaminant with ClO4- in source water.55 Under the same reaction condition, the 
measured pseudo-first-order rate constant for NO3- reduction is 3.6 times of that for ClO4- (Figure 4.5). 
This shows the versatile activity of Re(hoz)2–Pd/C catalyst in reducing challenging oxyanion 
contaminants that Pd/C cannot reduce. However, compared to the <2% Re leaching during ClO4- 
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reduction (Figure 4.2), the maximum Re was 10% during NO3- reduction. The high reactivity of NO3- 
with immobilized [ReV(O)(hoz)2]+ resulted in a significantly elevated rox, while rred did not change much 
because NO3- is also an inert substrate and weak ligand towards Pd. Thus, the significantly elevated 
steady-state concentration of [ReVII(O)2(hoz)2]+ led to the substantial ReO4- leaching. After NO3- reduction 
was completed, the used catalyst showed 80% lower activity (k = 1.28 L h-1 gcat-1) than the freshly 
prepared Re(hoz)2–Pd/C catalyst for reducing 1 mM ClO4- (k = 5.76 L h-1 gcat-1). This suggests that the 
actual amount of Re complex decomposition is higher than the measured 10% ReO4- leaching. Not all 
decomposed ReVII is measured in water samples due to the partial ReO4- adsorption on activated carbon.32 
Since NO3- in contaminated water source can be orders of magnitude more concentrated than ClO4-,55 
pretreatment of NO3- using In2O3-Pd/C catalyst56 before using Re(hoz)2–Pd/C for ClO4- reduction is 
necessary. 
4.3.5 Effects of cations 
As shown in Figure C.1, addition of 10 mM monovalent cations (NH4+, Na+ and K+) and 5 mM 
divalent cations (Ca2+, Mg2+, Fe2+ and Mn2+) resulted in a uniform ~65% decrease in ClO4- reduction rate. 
This was consistent with the decrease in activity observed for 10 mM of added Cl-. Hence, it appears that 
these cations do not affect ClO4- reduction kinetics. Although hoz ligand has been reported to coordinate 
with many metal cations57-60, the immobilized Re complexes have a robust coordination structure with hoz 
even in the presence of a large excess of other metals (i.e., 5 mM divalent cations versus 0.134 mM Re). 
4.3.6 Effects of pH 
Figure 4.6 shows the pH dependence of ClO4- reduction activity of Re(hoz)2–Pd/C. The pseudo-first-
order rate constants showed a linear relationship with [H+]; from pH 6 to 3, 1 unit of pH decrease led to 
about 4 times of activity increase. However, further lowering the pH from 3 to 2 only yielded a 75% 
activity enhancement. The limited activity enhancement suggests a optimized working condition around 
pH 3 for the Re(hoz)2–Pd/C catalyst. In previous studies the pH dependence was attributed to the 
mechanism of ancillary hydrogen bonding that facilitates the coordination of ClO4- to ReV.38,61 Therefore, 
higher pH resulted in a lower rox. However, higher ReO4- leaching was also observed at higher pH. This 
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indicates a lower rred at higher pH, and the decrease of rred should be more significant than the decrease of 
rox. A proposed mechanism of proton dependence during the catalytic cycle is illustrated in Scheme 4.1. 
Besides the previously proposed role of H+ in facilitating the coordination of ClO4- to ReV, acidic 
condition is also needed to protonate the Re–OH structure after Re=O gets reduced by hydride (either on 
Pd surface or spilled over the activated carbon support). This step generates the labile H2O ligand and 
ensures ClO4- coordination with ReV for another catalytic cycle. More importantly, as indicated by the 
ReO4- leaching data, [H+] also influenced the rate of ReVII reduction. Although the exact role of H+ during 
this ReVII-V reduction step is not yet clear, faster reduction of ReO4- and other oxyanions (e.g., ClO3-, 
BrO3-) using Pd/C at lower pH was observed in other reductive catalysis studies in our lab. These 
evidence support the roles of H+ during the reduction of oxo groups by Pd. Overall, H+ participates in at 
least three steps in the catalytic cycle.  
4.3.7 Bottle water test 
We applied the Re(hoz)2–Pd/C catalyst in a batch reactor containing a randomly selected bottle 
mineral water (spiked with ClO4-) to further examine the catalyst application potential. According to the 
manufacturer, the source spring water had been treated with membrane filtration and ozone disinfection. 
Concentrations of major solutes are summarized in Table 4.1. The detected concentration of NO3- by our 
lab was 23 µM. In2O3–Pd/C catalyst39,56 (0.5 g L-1) was thus used to remove this highly reactive substrate 
within 3 h. The Re(hoz)2–Pd/C was prepared in situ in the NO3--removed spring water, and then 1 µM 
ClO4- (~ 100 ppb, a representative concentration in contaminated drinking water source) was added. 
According to the measured pseudo-first-order ClO4- reduction kinetics with 0.5 g L-1 of catalyst loading 
(Figure 4.7), ClO4- concentration could be lowered to 15 ppb (the interim health advisory level 
determined by USEPA)62 within 60 hours. This is the only catalytic treatment system to date to achieve 
the effective ClO4- reduction at circumneutral pH, ambient temperature and atmospheric pressure. The 
rate constant (0.062 L h-1 gcat-1) is similar to that measured for 1mM ClO4- in the pH dependence study 
(0.030 L h-1 gcat-1 at pH 6). Therefore, low concentrations of common anions and cations and other water 
solutes not investigated in aforementioned experiments (e.g., carbonate, fluoride, trace organics) did not 
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cause significant catalyst inhibition. About 2.5% Re leaching was detected at the very beginning of ClO4- 
reduction, indicating Re complex decomposition during catalyst preparation in mineral water matrix. The 
slow rate of reductive immobilization of the leached ReO4- also demonstrates the dependence of ReVII 
reduction on H+.  
 
4.4 Discussion 
Table 4.2 summarizes the effects of studied reaction conditions on Re(hoz)2–Pd/C catalyst. Inert 
anions compete with ClO4- on the ReV binding/reaction site to slow down the overall ClO4- reduction rate, 
while H+ facilitates the binding between ClO4- and ReV to accelerate the reaction. The change of rox/rred 
explains the stability of Re coordination complex. For example, although both rox and rred could be 
suppressed by inert anions, the reduced Re leaching suggest that the decelerated ReV oxidation dominated 
over the decelerated ReVII reduction. In other words, the rox/rred ratio could correlate with the steady state 
concentration of [ReVII(O)(hoz)2]+. Among all conditions examined, highly reactive substrates such as 
ClOx- reduction intermediates during ClO4- reduction and NO3- are the most influential factor on Re 
leaching. This suggests limitation on substrate, such as a low ClO4- concentration or pretreatment of NO3- 
is needed to prevent Re complex decomposition in Re(hoz)2–Pd/C. Future studies should focus on 
developing Re species with less reactivity with ClOx- intermediates while having a faster rate of ReVII 
reduction through rational catalyst design.45   
Despite the limitations from Re complex decomposition, the results demonstrate a robust performance 
of Re(hoz)2–Pd/C under a series of water treatment conditions. For example, catalyst inhibition is not 
significant in the presence of various inert anions, whose concentrations (10 mM) were far more beyond 
those detected in natural water source (e.g, Table 4.1). The partial inhibition on ReV also favorably 
reduced Re leaching. This might be used as a strategy to reduce Re complex decomposition by slowing 
down the ReV oxidation but meanwhile increase the catalyst stability. Furthermore, Cl- inhibition on 
Re(hoz)2–Pd/C and Pd/C were much less than some previously reported Pd-based catalysts that 
completely lost activity by a relatively low Cl- concentration.46 The complete ClO4- reduction, together 
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with a still-higher activity than ReOx–Pd/C catalyst in 1 M NaCl also implies the application potential of 
Re(hoz)2–Pd/C in coupling with ion exchange system to increase the environmental sustainability for 
ClO4- treatment technologies.39 The unprecedented ClO4- reduction activity exhibited in the presence of 
concentrated inhibiting anions and at circumneutral pH demonstrate the necessity of developing catalysts 
with high “baseline” activity. Therefore, coordination complex and the hybrid complex-nanoparticle 
catalyst provide novel strategies to treat recalcitrant contaminants in water.      
   
4.5 Conclusions 
Perchlorate (ClO4-) reduction by H2 with a highly active heterogeneous Re(hoz)2–Pd/C catalyst was 
evaluated  under various conditions relevant to water treatment. Common inert anions inhibited ClO4- 
reduction activity to varying degrees, with an order of SO42- ~ H2PO4- < Cl- < Br- < I-, whereas cations 
(NH4+, Na+, K+, Ca2+, Mg2+, Mn2+, Fe2+) did not affect the catalyst. Despite significantly inhibited in 1 M 
NaCl brine, the ClO4- reduction activity of Re(hoz)2–Pd/C was still higher than other reported catalysts. 
Nitrate (NO3-) and elevated concentrations of ClO4- caused significant ReO4- leaching from Re(hoz)2–
Pd/C. The relative rate of ReV oxidation (by reactive oxyanions) and ReVII re-reduction (by Pd-generated 
adsorbed atomic H) determine the oxyanion reduction kinetics and catalyst stability. The presence of 
highly active oxyanions (causing fast ReV oxidation) as well as strong Pd-binding species and high pH 
(causing slow ReVII reduction) elevated Re(hoz)2 decomposition and ReO4- leaching. Although the 
optimum working pH is around 3, the Re(hoz)2–Pd/C catalyst showed a high activity of reducing spiked 
ClO4- (100 ppb) at pH 5.9 to the U.S.EPA interim health advisory level (15 ppb) in a bottle spring water. 
The results demonstrate an innovative and promising technology that utilizes coordination complexes for 
treating recalcitrant contaminants in water, and provide mechanistic insights for designing catalyst with 
enhanced longevity.  
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Tables and Figures 
 
 
Table 4.1 Major components of the bottle mineral water.  
Component Concentration range indicated 
by manufacturer 
Chloride < 0.4 mM  
Sulfate < 0.2 mM  
Bicarbonate < 4.0 mM  
Fluoride < 8.0 µM  
Nitrate < 0.2 mM (23 µM)a 
Bromide < 0.4 µM  
Calcium < 1.5 mM  
Magnesium < 1.0 mM 
Sodium < 0.3 mM  
TDS ≤ 250 mg L-1 
aMeasured in this study.  
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Table 4.2 Effects of reaction conditions on catalytic cycle and Re leaching of Re(hoz)-Pd/C. 
 
 rox rred rox/rred and Re leachinga 
inert anions (Cl-, SO42-, etc.) ↓ ↓ ↓ 
reactive anions (ClOx-, NO3-) ↑↑ - ↑↑ 
lower pH ↑ ↑ ↓ 
lower [ClO4-] ↓ - ↓ 
aWhen other conditions remain the same.  
rox
rred
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Figure 4.1 Previously proposed Re transformation mechanisms in Re(hoz)2–Pd/C catalyst. 
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Figure 4.2 ClO4- reduction and ReO4- leaching (small set) under the standard control condition: pH = 3 (1 
mM HCl only), 25 °C, 1 atm H2 atmosphere. Curved line shows the pseudo-first-order fit. C0 = 1 mM 
(ClO4-), Ctotal = 0.134 mM (initially immobilized Re in catalyst). Error bars indicate triplicate-averaged 
standard deviations. 
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Figure 4.3 (a) Effect of anions on Re(hoz)-Pd/C and Pd/C catalyst at pH 3 with 10 mM different anions 
added. (b) Effect of different Cl- concentrations at pH 3. Small set shows 1 mM ClO4- reduction by 0.5 g 
L-1 Re(hoz)-Pd/C in 1M NaCl fit with pseudo-first-order kinetics. C0 = 1 mM for both ClO4- and ClO3-. 
Dashed lines are added to aid the eyes. Error bars indicate triplicate-averaged standard deviations. 
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Figure 4.4 Effects of ClO4- concentration on 0.5 g L-1 Re(hoz)2–Pd/C catalyst (pH=3). 
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Figure 4.5 Reduction of 1 mM NO3- and ReO4- leaching (small set) from 0.5 g L-1 Re(hoz)2–Pd/C catalyst 
at pH = 3. Curved line shows the pseudo-first-order fit. Ctotal = 0.134 mM (initially immobilized Re in 
catalyst). 
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Figure 4.6 Effects of pH on Re(hoz)2–Pd/C catalyst (all solution containing 10 mM total Cl-). Other 
conditions are the same as described before. 
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Figure 4.7 Reduction of the spiked 1 µM ClO4- with 0.5 g L-1 Re(hoz)2–Pd/C catalyst in bottle mineral 
water at pH = 5.9 and ReO4- leaching (small set). Curved line shows the pseudo-first-order fit. 
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Scheme 4.1 Proton-facilitated catalytic cycle of ClO4- reduction. 
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CHAPTER 5 
 
APPLICATION OF A RE−PD BIMETALLIC CATALYST FOR 
TREATMENT OF PERCHLORATE IN WASTE ION-EXCHANGE 
REGENERANT BRINE 
 
 
5.1 Introduction 
Perchlorate (ClO4-) is an endocrine disrupting compound that has deleterious effects on the thyroid 
gland function and other physiological systems.1 Its contamination of aquatic environments is attributed 
to manufacturing and use of rocket fuel and explosives, application of Chilean nitrate fertilizers, and other 
naturally occurring perchlorate sources.2,3 High solubility, low adsorption to natural solids, and sluggish 
reactivity of ClO4- lead to its widespread occurrence and persistence in natural waters.2 In 2011, the U.S. 
EPA announced plans to set a drinking water standard for ClO4-,4 prompting renewed interest in the 
development of effective, economical, and sustainable technologies for treating contaminated drinking 
water sources. 
Currently, ion-exchange (IX) is the most widely applied drinking water treatment technology for 
ClO4-.5 Full scale IX systems successfully treat diverse source waters, and are capable of meeting the 
stringent limits of the anticipated regulatory levels (e.g., low ppb).6,7 Although IX systems for perchlorate 
treatment are effective, they only serve to separate ClO4- from the contaminated source water, and further 
treatment or long-term sequestration of the resin-sorbed contaminants is still needed. Upon IX resin 
saturation and contaminant breakthrough, resins must either be regenerated by flushing with a 
concentrated brine solution (e.g., 6-12 wt% NaCl) or disposed (e.g., by off-site incineration),8 raising 
treatment costs and creating secondary waste streams that must be addressed. The waste regenerant brine 
stream contains elevated levels of ClO4- and other anionic co-contaminants removed from the same 
sourcewaters (e.g., nitrate) which may necessitate further treatment.8 Transformation of ClO4- and other 
contaminants in waste brines to non-toxic products would eliminate impacts of these contaminants and 
enable recycling of the brine solutions for multiple resin regeneration cycles. This could also significantly 
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reduce treatment costs and concerns associated with disposal of waste brines, factors that have posed 
significant limitations on the installation of regenerable IX systems in recent years.  
Recent efforts have examined the potential of applying biological and chemical reduction processes 
for converting ClO4- to Cl-. Microbial processes for ClO4- reduction in brines have been reported;8-15 
however bioreactors usually require addition of organic amendments (e.g., acetate) as a carbon source and 
electron donor, and may be difficult to operate intermittently in brine systems. In addition, biological 
hydrogen sulfide (H2S) generation is also difficult to prevent when sulfate (SO42-) is present.16 
Thermodynamically, ClO4- reduction to Cl- is highly favorable, but most chemical reduction processes are 
sluggish at ambient temperatures and pressures17-21 and many use reductants that are not suitable for water 
treatment processes (e.g., hypophosphorous acid and organic sulfides).22,23 Furthermore, several studies 
have reported severe inhibition of oxyanion chemical reduction processes in concentrated salt 
solutions,20,21,24,25 suggesting difficulty for brine recycling applications.  
Recently, our team reported on the development of heterogeneous bimetallic catalysts, which 
combine small amounts of rhenium and palladium on activated carbon supports (Re−Pd/C), that reduce 
aqueous ClO4- to Cl- using hydrogen (H2) as the electron donor under ambient temperature and 
pressure.26-28 Rates of ClO4- reduction by Re−Pd/C were found to be many times faster than other aqueous 
chemical reduction processes reported, including nanoscale zerovalent iron19,20 and most other metal 
catalysts,18 and none of the intermediate oxyanions (ClO3-, ClO2-, ClO-) were detected during reactions. 
The catalytic mechanism relies on the high oxygen atom transfer (OAT) activity of Re.22,29 Oxophilic ReV 
species abstract an oxygen atom from ClO4- (and the ClOx- intermediates), yielding a reduced Cl product 
and an oxidized ReVII species.22  
ClOx-  +  ReVOy → ClOx-1-  +  ReVIIOy+1   (5-1) 
In the Re−Pd/C + H2 reactor system, the catalytic cycle is completed when ReVII is reduced back to 
ReV by Pd-adsorbed atomic hydrogen species (Pd−Hads) generated by the dissociative adsorption of H2 on 
Pd metal:  
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H2  +  2 Pd → 2 Pd−Hads     (5-2) 
ReVIIOy+1 +  2 Pd−Hads → ReVOy  +  2 Pd  +  H2O  (5-3) 
Pd−Hads is a strong chemical reductant previously shown to mediate the reduction of many aqueous 
contaminants.30-35 Of particular importance to the current effort, Hurley and Shapley27 reported observing 
no inhibition of ClO4- reduction in solution containing an elevated level of NaCl (1000 ppm as Cl; 0.16 wt% 
NaCl).  
This contribution examines for the first time application of the Re−Pd/C catalyst for treatment of 
ClO4- in concentrated brine solutions (6-12 wt% NaCl), including a waste IX regenerant brine obtained 
from a utility treating perchlorate-contaminated groundwater. Specific objectives include (i) measuring 
rates of ClO4- reduction in brine solutions of varying composition, including waste IX regenerant brine, (ii) 
comparing the activity of the Re−Pd/C catalyst in brine solutions to that measured in deionized water, (iii) 
identifying non-target constituents present in waste IX regenerant brines that potentially inhibit/deactivate 
catalysts, and (iv) assessing the effects of pretreating catalyst-inhibiting/deactivating brine constituents on 
ClO4- reduction. Insights into the surface catalytic reaction mechanism obtained from experimental 
findings and implications for the development of practical brine treatment technologies are also discussed. 
 
5.2 Methods and Materials 
5.2.1 Chemical reagents 
Pd/C catalyst with nominally 5 wt% (dry basis) Pd loading on activated carbon (wet support, Degussa 
type E101 NO/W) was purchased from Sigma-Aldrich. The Pd/C material was treated and characterized 
as described previously.26 NH4ReO4, NaClO4, Na2SO4, Na2HPO4 and NH4Cl were purchased from Sigma-
Aldrich. NaCl and NaNO3 were purchased from Fisher Scientific. HCl standard solution (1 N) was 
purchased from Acros Organics. Aqueous solutions were prepared using deionized (DI) water (Barnstead 
Nanopure system; resistivity > 17.5 Mcm). Ultra-high purity H2 gas was supplied by Matheson. 
5.2.2 Waste IX regenerant brine 
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Waste IX regenerant brine was collected from a water treatment plant in California that used a 
regenerable ISEP system (Calgon Carbon Corp.) to treat groundwater (3.6 million gallons per day) 
contaminated with ClO4-. The ISEP system used a strong base non-selective IX resin which also removed 
significant concentrations of other anions from the groundwater source, including sulfate (SO42-), nitrate 
(NO3-), and bicarbonate (HCO3-). The IX resin was periodically regenerated by flushing the resin bed with 
a concentrated brine solution (7 wt% NaCl, 32 gallons per minute). At the plant, waste regenerant brine 
pH is adjusted with concentrated hydrochloric acid (HCl) to prevent formation of precipitates (e.g., 
CaCO3) in the pipes and then diluted with extra bed volumes of freshwater that are also flushed through 
the resin beds during the regeneration process, and stored in a waste tank before discharging to the 
sanitary sewer system. Five gallons of the waste tank brine solution was collected and shipped to the 
University of Illinois in a polypropylene jerrican, and refrigerated under darkness at 4°C. Analysis 
indicated the waste brine contained ~5 wt% NaCl and 2 mg/L (2 ppm) perchlorate in addition to a variety 
of other ions. Detailed composition of the waste brine is summarized in Table 5.1.  
5.2.3 Re−Pd/C catalyst preparation and ClO4- reduction  
Batch reactions were conducted to measure the kinetics of ClO4- reduction in synthetic and waste IX 
brine solutions. For ClO4- treatment in most synthetic brine solutions, the active Re−Pd/C catalyst was 
prepared in-situ prior to introducing ClO4-, using procedures modified from those reported previously.26 
To facilitate comparison of catalyst performance in brine solutions with previous work conducted in DI 
water,27 the same catalyst loading and formulation (2 g/L, nominally 5 wt% Re and 5 wt% Pd) were used 
for batch reactions conducted here. Briefly, 100 mg of Pd/C and a small volume of NH4ReO4 stock 
solution (containing 5 mg Re) were mixed together in a laboratory-prepared brine solution (50 mL of 6-12 
wt% NaCl) in a 50-mL round bottom flask capped with a rubber stopper, and pH was adjusted by HCl 
addition; experiments were conducted at pH ~3 because previous work shows that the Re−Pd/C catalyst is 
most active under acidic pH conditions. Two 16-gauge stainless steel needles were introduced through the 
stopper, one as a H2 gas inlet and the other as both a gas outlet and sampling port. The mixture was 
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sonicated for 1 min and then sparged 8 h with H2 under constant stirring to ensure complete reductive 
immobilization of Re onto the Pd/C material. NaClO4 (100 or 500 ppm ClO4-) was then added to initiate 
the batch reaction, and aliquots were periodically collected to monitor the reaction progress. Collected 
aliquots of suspension were immediately filtered (0.45-m PTFE) and analyzed for residual ClO4- 
concentration. Reactor temperature was maintained at 25°C by circulating a temperature-controlled water 
bath (Neslab). H2 was continuously supplied at an estimated flow rate of 3 mL/min and the magnetic 
stirring rate was 350 rpm. Tests showed that higher H2 flow and stirring rates did not affect rates of ClO4- 
reduction. In previous tests conducted in DI water, reaction rate constants varied linearly with catalyst 
loading, verifying that reaction rates were not limited by supply of H2. 
Although the proposed mechanism for catalytic reduction of ClO4- is a complex interfacial process,27 
batch reaction data was fit with a pseudo-first-order kinetic model to obtain a general measurement of 
apparent catalyst activity that could be compared for different solution conditions and to facilitate 
comparison with previous literature reports.26-28 Model fits were performed using the entire measured 
reaction timecoures using both the pseudo-first-order rate constant and initial ClO4- concentration as 
adjustable fitting parameters, and reported rate constants are normalized by applied catalyst mass loading 
(k; L h-1 gcat-1).  
The procedure for batch reactions was modified for experiments conducted in waste and synthetic 
brine solutions that contained elevated levels of NO3- in addition to ClO4-. To prevent catalytic reactions 
with NO3- during the Re immobilization step and prior to the desired start time of batch reactions, a 
suspension containing an elevated loading of the Re−Pd/C catalyst (6 g/L) was first prepared as described 
above in synthetic NaCl brine solution (6 wt% NaCl + 1 mM HCl). The batch reaction was then initiated 
by mixing 50 mL of the suspension containing the activated catalyst with 100 mL of the nitrate- and 
perchlorate-containing brine solution of interest (deoxygenated with H2 and pre-acidified to pH 2.9) in a 
200 mL three-neck flack connected to an automatic pH-stat instrument (Radiometer Analytical TIM854) 
that was used to maintain constant pH conditions during the batch reaction. Samples were then collected, 
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filtered, and analyzed for ClO4-, NO3-, and NH4+. Acid consumption required to maintain constant pH 
conditions during the reaction was also recorded by the pH-stat.  
Although the utility which provided the waste IX regenerant brine indicated that ClO4- levels in the 
waste brine tank reach levels up to 100 ppm, the brine sample received for this study contained much 
lower levels (~2 ppm). Thus, to better simulate treatment of a more contaminated brine, the waste brine 
solution was amended with 100 ppm ClO4- prior to use in experiments. The higher initial concentration of 
ClO4- also facilitated ion chromatography measurement in the presence of high Cl- levels in the brine 
matrix. 
5.2.4 NO3- reduction by In−Pd/Al2O3 catalyst 
Separate batch reactions were also conducted to measure reduction of NO3- in waste IX brine 
solutions catalyzed by indium-palladium immobilized on γ-alumina (In−Pd/Al2O3); the catalyst does not 
react with ClO4-. Preparation and characterization of the In−Pd/Al2O3 catalyst (1 wt% In, 5 wt% Pd) was 
described previously.24 The catalyst (300 mg) was directly added to 150 mL of brine without dilution (pH 
pre-adjusted to 5.6) in a 200-mL three neck flask equipped with needles and an automatic pH-stat. After 
sonication for 1 min, the reaction was initiated by sparging with H2, and aliquots were then periodically 
collected to measure concentrations of NO3- and NH4+. After NO3- reduction was complete, In−Pd/Al2O3 
was removed by filtration (0.45-μm PTFE), and 100 mL of the collected brine was transferred to a second 
batch reactor containing 50 mL of the 6 g/L Re−Pd/C catalyst suspension and ClO4- reduction was 
measured as described above.  
5.2.5 Aqueous analysis 
The waste IX brine was extensively characterized prior to use. Brine pH was measured using a 
Thermo Orion 8272 BN PerpHecT ROSS Sure-Flow electrode. Bicarbonate concentration was estimated 
from alkalinity pH titration measurement using 1 N HCl. Phosphorus and selected metal ions were 
determined by inductively coupled plasma-optical emission spectrometry (ICP-OES) analysis 
(PerkinElmer Optima 2000DV). Lead acetate test paper (Fisher Scientific) was used to assay for 
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dissolved sulfides. Concentrations of other anions in the waste brine and during catalytic batch reactions 
were determined by ion chromatography with conductivity detection (IC-CD; Dionex ICS-2000). Prior to 
analysis, brine samples were diluted 20-fold with DI water to lower NaCl levels. An IonPac AS18 column 
maintained at 30C was used as the stationary phase and a 32 mM KOH solution with 1.0 mL/min flow 
rate was used as the eluent for analysis of Cl-, SO42-, NO3-, NO2-, ClO3-, and SO32-. For ClO4- and ReO4-, 
an IonPac AS16 column maintained at 30°C was used as the stationary phase and 65 mM KOH at 1.2 
mL/min was used as the eluent. Total ammonia (NH3/NH4+) was analyzed by colorimetric analysis (Hach 
salicylate kit). ICP-OES analysis was also used to measure leaching of catalyst metals during batch 
reactions. 
5.2.6 Catalyst Characterization 
Re−Pd/C catalysts were collected from selected batch reactions by vacuum filtration and dried 
overnight at 110°C (sand bath) inside an anaerobic glovebox chamber (95% N2, 5% H2). The surface 
chemical composition and oxidation states of Re and Pd in catalyst samples were analyzed by X-ray 
photoelectron spectroscopy (XPS) using anoxic sample handling procedures and instrumentation 
described previously.26 Bulk metal loadings in catalyst were determined by ICP-OES analysis after a 
microwave digestion (PerkinElmer/AntonPaar Multiwave 3000) with HNO3-H2O2. 
 
5.3 Results and Discussion 
5.3.1 Perchlorate reduction in synthetic NaCl brine 
Initially, tests were conducted to evaluate in situ immobilization of Re on the Pd/C material and 
reactivity of the resulting Re−Pd/C catalyst with ClO4- in a laboratory-prepared NaCl brine (2 M, ~12 
wt%) representative of the upper salinity level8 used in ion exchange regenerating brines (Figure 5.1). 
The inset of Figure 5.1 shows reductive immobilization of the ReVII precursor, ReO4-, when added to H2-
sparged suspensions of Pd/C prior to conducting the reaction with ClO4-. Compared to the catalyst 
preparation in DI water, a smaller initial fraction of the ReVII precursor is immobilized on the Pd/C 
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material in the brine solution and a longer time is required to immobilize all the added ReO4-. Still, 
immobilization is complete within 8 h. XPS measurements (Figure D.1 in Appendix D) confirm that the 
ReVII precursor added to H2-sparged NaCl brine was immobilized on Pd/C by reduction to a mixture of 
reduced Re species (+5 and +1 oxidation states) as previously reported for catalysts prepared in DI 
water.26 Dominance of ReI (4f7/2 binding energy of 41.2 eV) was observed in both Re−Pd/C samples 
collected after 8 h of H2 sparging; ReV (4f7/2 binding energy of 43.2 eV) was previously reported to 
predominate when the catalyst was collected from DI water after 4 h of H2 sparging.26 In comparison, a 
longer catalyst preparation under reducing conditions generated more ReI species. However this varied 
ratio between ReI and ReV did not appear to significantly affect the catalyst’s ClO4- reduction activities 
discussed below.   
Although the time required to immobilize Re in the brine was longer than in DI water, the observed 
rate constant for ClO4- reduction was found to be three times greater than that measured in the DI water 
(Figure 5.1 and Table 5.2, entries 1 vs. 2). The surprising activity enhancement observed in NaCl brine 
is unique for Pd-based catalytic process of oxyanion reduction (Table D.1). More often, Pd-catalyzed 
processes have been reported to be severely inhibited by the presence of Cl-, attributed to preferential 
sorption of Cl- over the target substrates24,25 or relatively strong coordination capability of Cl- to poison 
the hydrogenation function of Pd.36 Negative effects of chloride on other surface-mediated ClO4- 
reduction processes has also been reported, including nanoscale zerovalent iron20 and electrochemical 
reduction.37 In addition, separate tests showed that ClO3- reduction using the same Pd/C material used for 
Re−Pd/C preparation (without Re added) was significantly inhibited in 6 wt% NaCl brine (Table D.1), 
suggesting that the enhanced ClO4- reactivity in the brine is unique to the bimetallic Re−Pd catalyst.    
For batch reaction conditions used here, complete reduction of ClO4- requires ~40 turnovers of the 
surface OAT redox cycle [Eqs. (5.1) – (5.3)] because the initial ClO4- concentration (5 mM) represents a 
10-fold molar excess of the immobilized Re (~0.5 mM) and the OAT mechanism involves 4 OAT redox 
cycles to reduce an individual ClO4- ion to Cl-. For ClO4- reduction by Re−Pd/C, the rate limiting step is 
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the reaction between ClO4- and the reduced Re center.27 Thus, while excess Cl- in the brine may inhibit 
the Pd-centered steps in the catalytic cycle, including H2 dissociation and re-reduction of higher oxidation 
state Re to lower oxidation state Re (i.e., ReVII to ReV or ReI) by the resulting Pd−Hads [Eqs. (5.2) – (5.3)], 
the negative effects of concentrated Cl- on the overall rate of ClO4- reduction may be limited because the 
Re-centered step [Eq. (5.1)] in the catalytic cycle is rate-determining and not negatively affected by the 
presence of concentrated Cl-. 
The apparent enhancement of the ClO4- reduction rate constant measured in brine may be due, at least 
in part, to differences in effective acidity (either in bulk solution or at the surface site of reaction).38 
Previous work conducted in DI water demonstrates that rates of ClO4- reduction by Re−Pd/C are highly 
pH dependent, increasing markedly with decreasing pH conditions.27 Although the reactions shown in 
Figure 5.1 were conducted in unbuffered DI water and NaCl brine solutions acidified using equivalent 
HCl concentration (2 mM), pH electrode measurements in the solutions differed (2.7 in DI water, 2.4 in 
brine). Direct comparison of glass electrode pH readings collected in the highly saline brine solutions 
with measurements collected in DI water should not be made, but various approaches have been 
developed to assess the effective proton activity in concentrated chloride solutions.39 Dissolution of 
concentrated salts causes an increase in acidity (i.e., proton activity) of solution mixtures due to Na+ and 
Cl- ion hydration reducing the activity of bulk water.39,40 The pH shift trend measured in this study shows 
good agreement with the literature, where reductions in apparent pH probe readings recorded in 
concentrated NaCl or CaCl2 (1 to 4 M) were attributed to elevated acidity determined by different 
approaches, including Hammett acidity indicator, model calculation, glass electrode and hydrogen 
electrode (Table D.2 and references therein) . Similar results were also observed at slightly lower HCl 
and NaCl concentration (Table 5.2, entries 4 and 5). When additional HCl (4 mM) was added to the DI 
water to yield pH reading (pH 2.40) equivalent to that measured for the 2 M (~12 wt%) NaCl brine 
solution with 2 mM HCl added (pH 2.43), the ClO4- reduction rate constant measured in DI water was 
still lower than that measured in the brine (Table 5.2, entries 2 vs. 3). Whether or not differences in 
effective acidity of solutions were completely or only partially responsible for the differences in rates of 
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catalytic ClO4- reduction, results clearly demonstrated non-inhibited and even slightly accelerated 
reduction rates in concentrated NaCl solutions. As a result, waste IX brine treatment with Re−Pd/C 
catalyst is a promising option for recycling regenerant brines. 
5.3.2 Perchlorate reduction in waste IX brine 
Table 5.1 summarizes the chemical composition of a waste IX regenerant brine collected at a 
California water utility treating perchlorate-contaminated groundwater. Analysis indicated a Cl- 
concentration of 0.91 M, corresponding to ~5 wt% NaCl. Due to the non-selective property of the IX 
resin, SO42-, NO3-, and HCO3- were also major components of the brine in addition to Cl-. The brine 
sample only contained 2 ppm ClO4-, but concentrations as high as 100 ppm have been documented at the 
facility. The measured pH of the brine sample was 7.4, most likely due to strong buffering from HCO3- 
anions in the waste brine (70 meq/L alkalinity).  
Figure 5.2 shows the results of initial attempts to catalytically treat ClO4- added to the waste IX brine 
(100 ppm ClO4- was added to the waste brine to better represent the maximum ClO4- level documented in 
waste brines produced at the utility). In contrast to results obtained in synthetic NaCl brine, ClO4- 
reduction in the waste IX brine was significantly inhibited, requiring 19 days to reduce the initial 
concentration by 90%. The resulting pseudo-first-order rate constant for ClO4- reduction (Table 5.2, 
entry 11) was found to be approximately 65 times lower than that measured in a synthetic NaCl brine of 
similar salinity and pH conditions (Table 5.2, entry 5).  
5.3.3 Catalytic reduction of NO3-  
Several other constituents in addition to NaCl are present in the waste brine that may act to inhibit the 
reduction of ClO4- and/or contribute to deactivation of the Re−Pd/C catalyst. First, the waste IX brine 
contains a very high concentration of NO3- (2,360 ppm), and several bimetallic Pd-based catalysts have 
been reported to reduce NO3- to a mixture of N2 and NH4+ as final products.41-43 Although NO3- reduction 
by Re−Pd/C has not been previously reported, Re species in homogeneous aqueous systems have been 
reported to catalyze NO3- reduction by hypophosphorous acid.44 Measurements here show that NO3- in the 
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waste IX brine was also reduced during the same batch reaction where ClO4- reduction was measured. 
Figure 5.3a shows that >99% of the initial NO3- (1,570 ppm, ~1/3 dilution of 2,360 ppm due to the in situ 
Re−Pd/C catalyst preparation procedure described in Section 2.3) was reduced within 20 h and was 
undetectable (<0.6 ppm) after 40 h. Product analysis shows that >90% of the NO3- was reduced to NH4+ 
under the treatment conditions examined, consistent with the following stoichiometry: 
NO3- + 4 H2 + 2 H+ → NH4+ + 3 H2O    (5.4) 
Dominance of the NH4+ formation pathway over the competing (and more desirable) N2 formation 
pathway:  
NO3- + H+ + 2.5 H2 → 0.5 N2 + 3 H2O    (5.5) 
was also supported by the amount of HCl added by the pH-stat during the reaction. To maintain a 
constant pH, nearly 2 moles of HCl were added by the pH-stat for each mole of NO3- reduced, in 
agreement with Eq. (5.4). Previous reports demonstrate that the distribution of nitrate reduction products 
by Pd-based bimetallic catalysts is highly dependent upon a number of factors, including solution 
conditions and catalyst formulation.42,43  
Because of the high initial concentration of NO3-, at first glance it seems reasonable to presume that its 
reaction with Re−Pd/C competitively scavenged available Pd−H reductants and thus inhibited ClO4- 
reduction. However, whereas nitrate reduction was nearly complete within 20 h, no significant 
acceleration of ClO4- reduction was observed after this time period (in fact, the pseudo-first-order model 
fit in the waste brine underpredicts ClO4- measurements by ~10% at early reaction times, consistent with 
slowing of the reaction over time), and ClO4- reduction remained very slow in comparison to the rate 
observed in synthetic NaCl brine. Therefore, the very slow ClO4- reduction shown in Figure 5.2 cannot 
be attributed to NO3- competition with ClO4- for available reaction sites and Pd−H reductants. In a 
separate experiment (Table 5.2, entries 12 and 13), the observed rate constant for ClO4- reduction in the 
waste IX brine remained very low even when ClO4- was introduced only after NO3- reduction was 
complete. Thus, the Re−Pd/C catalyst was either deactivated (i.e., loss of intrinsic catalytic activity) by 
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reaction with some of the brine constituents, or the inhibition of ClO4- reduction (i.e., apparent reaction 
rate decrease by competition for available reaction sites) was caused by brine constituents other than NO3-.  
5.3.4 Identifying causes for catalyst deactivation/inhibition 
To identify the cause of Re−Pd/C inhibition/deactivation, a series of batch reduction experiments 
were conducted using the waste IX and synthetic NaCl brines amended with various constituents. It is 
well documented that sulfide and other reduced sulfur species deactivate Pd catalysts by forming strong 
chemisorption complexes that poison catalyst active sites.24,45 Although analysis of the waste IX brine 
(Table 5.1) indicated no significant dissolved sulfide, it was still considered that trace levels of reduced 
sulfur species might be present and deactivate the Re−Pd/C catalyst. However, pretreatment of the waste 
IX regenerant brine with NaOCl (1 mM for 12 h), a strong oxidant that rapidly reacts with reduced sulfur 
species,46,47 had no significant effect on catalytic rates of ClO4- and NO3- reduction (Table 5.2, entry 14). 
In addition, XPS analysis on Pd (Figure D.2) and S regions (no signal detected) of catalyst samples 
collected after treating waste brine show no evidence of PdS formation48 on catalyst surfaces. Therefore, 
catalyst deactivation by reduced sulfur species is unlikely. 
Additional experiments were then conducted in synthetic NaCl brines amended with other major 
constituents detected in the waste brine. Results of these experiments are also summarized in Table 5.2. 
First, a reaction was conducted in a synthetic “mimic” waste brine solution containing all the same 
components detected in the waste IX brine. The observed rate constant for ClO4- was severely inhibited 
(Table 5.2, entry 8) compared to that measured in the NaCl-only synthetic brine (Table 5.2, entry 5), 
similar to the observation with the IX waste brine (Table 5.2, entry 11). This confirms that catalyst 
deactivation/inhibition was caused by one or more of the waste IX brine components used to make the 
“mimic” brine instead of some component not specifically analyzed for (e.g., dissolved organic matter).  
Since carbonate had been removed as CO2 during acidification process, sulfate is the only other major 
anionic species other than Cl- and NO3- in the waste brine, but addition of concentrated SO42- to the 
synthetic NaCl brine had no deleterious effect on ClO4- reduction (Table 5.2, entries 6 vs. 7). Thus, 
sulfate was not responsible for the observed catalyst inhibition/deactivation. This also indicates that the 
121 
 
Re−Pd/C does not catalyze the conversion of SO42- to catalyst-deactivating sulfide species. Therefore, 
unlike biological ClO4- treatment systems, issues related to the production of toxic sulfide species are not 
expected to be a problem for Re−Pd/C catalytic treatment.  
ClO4- reactions conducted in a synthetic “mimic” waste brine solutions lacking only NO3- ultimately 
demonstrated that this constituent was responsible for catalyst deactivation (Table 5.2, entry 9), but not 
via a simple competitive consumption of Pd−H reductants. First, the observed rate constant for ClO4- 
reduction in the mimic waste brine lacking NO3- was high, similar to that measured in the synthetic NaCl-
only brine (Table 5.2, entry 5). Replacement of NO3- with an equivalent concentration of NH4+ (the 
dominant product of NO3- reduction with Re−Pd/C) in the synthetic mimic brine (Table 5.2, entry 10) 
had much smaller effect on the rate of ClO4- reduction than NO3-. The presence of elevated NH4+ caused a 
little more than a 2-fold drop in catalyst activity, which while not insignificant, is minor in comparison to 
the significant drops in catalyst activity observed in the real waste IX brine and synthetic mimic waste 
brine containing elevated NO3-. Thus, accumulation of NH4+ was not the major reason for catalyst 
deactivation. Instead, results suggest that reaction between Re−Pd/C and NO3- or one of its transient 
reduction intermediates (e.g., NO, N2O)41 deactivated the catalyst. Furthermore, additional experiments 
conducted in DI water (Figure D.3) showed that the ClO4- reduction activity of the catalyst was severely 
diminished after treating the same amount of NO3- in a DI water matrix, indicating that the presence of 
concentrated NaCl was not a major factor in the observed loss of Re−Pd/C activity for ClO4- reduction. 
The mechanism by which reaction with NO3- deactivates the catalyst is unclear. XPS analysis of the 
catalyst collected following reaction with excess NO3- and ClO4- in the waste IX brine revealed no 
significant changes in the prevailing oxidation states of either Re (Figure D.1) or Pd (Figure D.2), and 
ICP−OES analysis of the aqueous phase and catalyst indicated no significant leaching of either metal 
(Table D.3). Although no direct evidence of changes in metal content or speciation were observed, tests 
indirectly indicate that deactivation results from changes to the immobilized Re component of the 
bimetallic Re−Pd/C catalyst rather than the Pd or carbon support material. Activity of the nitrate-
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deactivated catalyst was fully restored when the immobilized Re was removed by repeated rinsing with 
DI water after exposure to air or NaOCl to oxidize Re species to ReO4-26 and re-applied from a fresh 
source of ReO4- (Figure D.3). The finding also supports the conclusion that Re is the key component 
involved in the rate-determining step for ClO4- reduction.   
Although results presented here did not identify the specific mechanism responsible for catalyst 
deactivation, they are suggestive of a process involving changes to the immobilized Re. One possible 
explanation would be the formation of Re coordination complexes with intermediate nitrogen species49 
generated from the NO3- reduction process that are inert towards ClO4- reduction. No changes in XPS may 
be expected if the Re−N complexes retain the Re oxidation state of +5 or +1. Future work will examine 
the mechanism for deactivation and structure of Re species present on nitrate-deactivated catalyst in 
greater detail. 
5.3.5 A solution: 2-stage catalytic treatment of NO3- and ClO4- 
Currently the Re−Pd/C catalyst is the only known ClO4- reduction catalyst that exhibits high activity 
in normally catalyst-inhibitive brine solutions at ambient temperature and pressure. Although the exact 
mechanism by which excess NO3- deactivates the catalyst is presently unclear, results suggest that 
pretreatment of the brine for NO3- may eliminate deactivation of Re−Pd/C. Previously, In−Pd/Al2O3 
catalysts (which cannot reduce ClO4-) have been shown to be stable and effective in reducing NO3- in 
low-salinity waters with good selectivity for the desired N2 product.41,50 Here, pretreatment of NO3- with 
In−Pd/Al2O3 was examined as part of a sequential treatment strategy to protect the Re−Pd/C catalyst 
treating ClO4- from excess NO3-, while also preventing the buildup of NO3- in the waste brine, which may 
also be important if reusing the brine in subsequent regeneration cycles. Figure 5.3b shows that In−
Pd/Al2O3 effectively catalyzed the complete reduction of NO3- in the waste IX brine. In addition, the 
In−Pd/Al2O3 catalyst exhibited markedly improved selectivity for N2 product, with <30% of the reduced 
NO3- being converted to NH4+ (compared to >90% for Re−Pd/C). The predominance of N2 formation is 
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also supported by HCl addition required by the pH-stat, consistent with the stoichiometry for NO3- 
reduction to N2 in Eq. (5). 
The ClO4- in the nitrate-pretreated brine was effectively reduced by Re−Pd/C (Figure 5.4), with an 
observed rate constant that was nearly identical to that measured in synthetic NaCl-only brine (Table 5.2, 
entries 16 vs. 5). It follows that sequential treatment of waste IX brine with In−Pd and Re−Pd catalysts 
(e.g., Scheme 5.1) is a promising strategy for recycling brines containing both ClO4- and NO3-, which are 
common co-contaminants at many sites, and IX is the most common process for treating such source 
waters.5,8,51  
According to the proposed brine recycling strategy, NO3- and ClO4- are sequentially removed from the 
brine by catalytic reduction between resin regeneration cycles. Buildup of bicarbonate will also largely be 
prevented, because acidifying the brine to the working range of the current generation of Re−Pd/C 
catalyst (i.e., pH < 4) will lead to outgassing of CO2 from supersaturated solutions. Research is underway 
to develop new Re−Pd/C catalysts with improved activity at circumneutral pH conditions,28,52 and buildup 
of HCO3- may be an issue if brine acidification is no longer necessary as part of the recycling process. 
Sulfate is not removed, and further studies are needed to examine the effect of its buildup, particularly for 
IX resins that may exhibit comparable or greater selectivity for SO42- uptake than ClO4- and NO3-.51 
Buildup of SO42- over repeated regeneration cycles may ultimately limit the number of times that brine 
can be recycled before discarding. Future work is also needed to examine the effects of potential buildup 
of NH4+ in the brine over repeated resin regeneration cycles. Ultimately, it would be more desirable to 
identify strategies for further shifting the product distribution in favor of N2 during catalytic NO3- 
reduction. For example, previous studies have shown that the end-product distribution can be shifted by 
adjusting catalyst formulation41,43 and optimizing reaction conditions.24,53  
For practical treatment systems, pelletized versions of both catalysts can be loaded in packed-bed 
reactors53,54 for long term use and facile separation from the treated water. Future studies will be needed 
to optimize catalyst formulations, including support materials and metal loadings and ratios, to further 
improve performance and minimize treatment system costs. Davie et al.54 found that a similar reactor 
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system loaded with Pd/Al2O3 to treat groundwater contaminated with halogenated solvents performed 
well over a 100-day demonstration period and was economically competitive with conventional treatment 
technologies. Although these findings are promising for catalytic reduction treatment technologies in 
general, field studies specific to oxyanion removal in brine are needed to demonstrate practical 
application of the treatment scheme proposed here. Although dissolved Pd, Re and In were not detected in 
samples from short-term batch reactions (Table D.3) or packed-bed reactor for DI water.53 Further efforts 
are necessary to evaluate catalyst longevity and stability in waste IX brine treatment applications and 
determine overall life cycle environmental impacts in comparison to alternative technologies.   
5.4 Conclusions 
Reduction of ClO4- to Cl- by H2 in acidic concentrated brine solutions (6-12 wt% NaCl), including a 
waste IX regenerant brine, at ambient temperature and pressure was demonstrated for the first time by 
application of a supported bimetallic catalyst (5 wt% Re - 5 wt% Pd/C).  In a laboratory-prepared brine 
solution, the measured rate constant for catalytic reduction of ClO4- was up to 3-fold greater than that 
measured in comparable deionized water solutions, due, at least in part, to the effects of brine salt 
hydration on apparent acidity of solutions. Reduction of ClO4- measured in an IX regenerant waste brine 
obtained from a drinking water utility was much slower than that measured in laboratory-prepared NaCl-
only brine of similar salinity. Reaction with excess NO3- deactivated the catalyst for ClO4- reduction 
through interactions with the Re component of the bimetallic catalyst.  Future study is needed to further 
elucidate the mechanism responsible for catalyst deactivation. Deactivation of the Re−Pd/C catalyst was 
eliminated by pretreating NO3- in the waste IX regenerant brine using a separate bimetallic catalyst (1 wt% 
In - 5 wt% Pd/Al2O3) previously reported to be active in low-salinity waters. Pretreating the waste brine 
was also beneficial because the In−Pd/Al2O3 catalyst reduced NO3- more selectively to the desirable N2 
end-product over NH4+ (>70% conversion to N2 for In−Pd/Al2O3 vs. <10% for Re−Pd/C). Based on 
results of this study, a two-stage catalytic treatment process is proposed to facilitate removal of oxyanion 
contaminants and reuse of waste IX brines: reduction of NO3- with In−Pd/Al2O3 followed by reduction of 
ClO4- with Re−Pd/C. 
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Tables and Figures 
 
 
Table 5.1 Waste IX regenerant brine composition. 
 
Component Concentration 
Chloride 32.3 g/L as Cl- (~5 wt% NaCl) 
Perchlorate 2 mg/L as ClO4-  
Nitrate 2.36 g/L as NO3-  
Sulfate 4.70 g/L as SO42-  
Bicarbonate 7 g/L as CaCO3  
Phosphate 20.9 mg/L as PO43-  
Nitrite NDa 
Chlorate NDa 
Bromide NDa 
Sulfite NDa 
Sulfide NDa 
Calcium 40 mg/L  
Magnesium 0.96 mg/L  
Iron 0.4 mg/L  
Manganese NDa 
pH 7.4 
aNot detected.  
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Table 5.2  Results of batch reactions for ClO4- and NO3- reduction in synthetic and waste IX brine solutions.a 
 Exp. Catalysta [ClO4-]0 
(ppm) 
[NO3-]0 
(ppm)
NaCl 
(wt%) 
HCladded 
(mol L-1) 
pHapp b Other Constituents / Pretreatment ClO4- reduction  
102×k (L h-1 gcat-1)c
NO3- reduction  
k (mmol h-1 gcat-1)d 
 Laboratory Synthetic Solutions 
 1 Re−Pd/C 500 0 0 0.002 2.7  7.79(0.40)  
 2 Re−Pd/C 500 0 12 0.002 2.4  22.9(0.6)  
 3 Re−Pd/C 500 0 0 0.004 2.4  15.1(0.8)  
 4 Re−Pd/C 100 0 0 0.001 3.0  4.66(0.28)  
 5 Re−Pd/C 100 0 6 0.001 2.9  15.5(0.5)  
 6 Re−Pd/C 500 0 0 0.01  2.0   27.7(0.8)  
 7 Re−Pd/C 500 0 0 0.09 2.0e ~96 g/L SO42- (1 mol L-1 Na2SO4) 36.1(0.5)  
 8 Re−Pd/C 100 1,570 6  2.9f waste brine mimicg 0.792(0.026) 1.08(0.02) 
 9 Re−Pd/C 100 0 6  2.9f waste brine mimicg – NO3-  18.4(0.7)  
 10 Re−Pd/C 100 0 6  2.9f waste brine mimicg - NO3- + NH4+  8.97(0.38)  
 Waste IX Regenerant Brine Solutions 
 11 Re−Pd/C 100 1,570 Table 1  2.9f  0.239(0.005) 1.11(0.03) 
 12 Re−Pd/C 2 1,570 Table 1  2.3f 100 ppm ClO4- not amended  1.21(0.01) 
 13 Re−Pd/C 100 0 Table 1  2.3f NO3- pretreated in entry 12 0.824(0.046)  
 14 Re−Pd/C 100 1,570 Table 1  2.9f Pretreated with 1 mM NaOCl for 12 h 0.224(0.008) 1.14(0.02) 
 15 In−Pd/Al2O3 100 2,360 Table 1  5.6   0.662(0.013) 
 16 Re−Pd/C 100 0 Table 1  2.9f NO3- pretreated with In−Pd/Al2O3  15.8(0.5)  
aAll reactions conducted at 25°C using 2 g/L of 5 wt% Re - 5 wt% Pd or 1 wt% In - 5 wt% Pd catalyst with continuous mixing and sparging with H2 at 1 atm. 
bpH probe reading calibrated against pH 1.68 and 4.00 reference standards (Fisher Scientific). 
cFirst-order rate constant. Uncertainty represents 95% confidence interval. 
dZero-order rate constant determined by method of initial rates. Uncertainty represents 95% confidence interval. 
eThe apparent pH measured in the concentrated sulfate solution was also different from the calculated pH 3.0 with pKa(HSO4-/SO42-) = 1.99 upon mixing of 0.09 
M HCl and 1 M Na2SO4. 
fSufficient HCl added to bring the pH meter reading to the same value as an unbuffered 6% NaCl brine amended with 1 mM HCl (pHapp 2.9) or 4 mM HCl (pHapp 
2.3). 
g”Waste brine mimic” = synthetic brine amended with inorganic constituents matching composition of waste IX regenerant brine listed in Table 1. “Waste brine 
mimic – NO3-“ = the mimic waste brine without NO3-. “Waste brine mimic – NO3- + NH4+”= the mimic waste brine where NO3- is replaced by an equivalent 
molar concentration of NH4+. 
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Figure 5.1 Reduction of ClO4- by Re−Pd/C catalyst in 12% NaCl brine versus DI water. Lines show 
pseudo-first-order model fits with mass-normalized rate constants (uncertainty indicates 95% confidence 
intervals). Detailed reaction conditions are listed in Table 5.2 (entries 1 and 2). Inset in panel shows the 
time-dependent reductive immobilization of ReO4- during the Re−Pd/C catalyst preparation phase before 
introducing ClO4-.  
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Figure 5.2 .Reduction of ClO4- by Re−Pd/C catalyst in waste IX regenerant brine in comparison to a 
synthetic brine (6% NaCl) with similar salinity level and pH condition. Lines show pseudo-first-order 
model fits with mass-normalized rate constants (uncertainty indicates 95% confidence intervals). Detailed 
reaction conditions are listed in Table 5.2 (entries 5 and 11). 
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Figure 5.3 NO3- reduction, NH4+ formation and pH-stat acid consumption when treating the waste IX 
brine solution with (a) Re−Pd/C and (b) In−Pd/Al2O3 catalysts. Detailed reaction conditions are listed in 
Table 5.2 (entries 11 and 15). 
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Figure 5.4 Effect of catalytic pretreatment of NO3- in waste IX brine with In−Pd/Al2O3 (Figure 5.3b) on 
reduction of ClO4- by Re−Pd/C catalyst. Lines show pseudo-first-order model fits with mass-normalized 
rate constants (uncertainty indicates 95% confidence intervals). Reaction conditions are listed in Table 5.2 
(entry 16). The ClO4- treatment profile during the first 20 h in unpretreated waste IX brine from Figure 
5.2 shown for comparison. 
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Scheme 5.1 Sequential catalytic treatment strategy for recycling waste IX regenerant brines contaminated 
by ClO4- and NO3-. 
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CHAPTER 6 
 
CONCLUSIONS AND FUTURE WORK 
 
  
A heterogeneous Re(hoz)2–Pd/C catalyst was prepared by in situ aqueous adsorption of 
ReV(O)(hoz)2Cl onto an activated carbon support loaded with Pd0 nanoparticles, and completely reduces 
aqueous ClO4- into Cl- using 1 atm H2 at 25°C, exhibiting much higher reactivity than previously reported 
aqueous chemical reduction methods (e.g., zerovalent iron). Perchlorate reduction kinetics, XPS 
characterization, Re leaching measurements, and reactions of homogeneous model Re complexes 
provided mechanistic insights into redox reactions occurring at the catalyst-water interface. Redox 
cycling between hoz-coordinated ReV and ReVII species serves as the main catalytic cycle for ClO4- 
reduction. Approximately 50% of hoz-coordinated ReV is further reduced to ReIII, which is shown to be 
unreactive with ClO4-. Elevated concentrations of ClOx- species promote decomposition of the highly 
active Re(hoz)2 species to aqueous ReO4-, subsequently forming much less reactive surface Re species.  
N,N-trans and N,N-cis Re(O)(hoz)2Cl isomers were identified, isolated and characterized. Compared 
with the [Re(O)(hoz)2]+ cation prepared from N,N-trans Re(O)(hoz)2Cl precursor, the cation from N,N-cis 
precursor showed a significantly lower rate of enantiomer interconversion and reactivity with ClO4-, 
attributed to slower solvent ligand dissociation. The heterogeneous Re(hoz)2−Pd/C catalyst prepared using 
N,N-trans Re(O)(hoz)2Cl showed 18 times higher activity than that prepared using N,N-cis Re(O)(hoz)2Cl 
for catalytic ClO4- reduction in water. During synthesis, the two Re(O)(hoz)2Cl isomers initially formed at 
a 1:1 ratio. However, substituted pyridine bases with partial steric hindrance promote conversion of N,N-
cis Re(O)(hoz)2Cl to the more reactive N,N-trans isomer, thus simplifying the product purification.  
Common inert anions inhibit ClO4- reduction activity of Re(hoz)2–Pd/C catalyst to varying degrees, 
with an order of SO42- ~ H2PO4- < Cl- < Br- < I-, whereas common cations (NH4+, Na+, K+, Ca2+, Mg2+, 
Mn2+, Fe2+) in water matrix do not affect catalyst activity. Despite significant inhibition in 1 M NaCl brine, 
the ClO4- reduction activity of Re(hoz)2–Pd/C is still higher than other reported catalysts. NO3- and 
elevated concentrations of ClO4- cause significant decomposition of Re(hoz)2-Pd/C and ReO4- leaching. 
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The relative rate of ReV oxidation (by reactive oxyanions) and ReVII re-reduction (by Pd-generated 
adsorbed atomic H) determine the oxyanion reduction kinetics and catalyst stability. The presence of 
highly active oxyanions (causing fast ReV oxidation) as well as strong Pd-binding species and high pH 
(causing slow ReVII reduction) lead to elevated Re(hoz)2 decomposition and ReO4- leaching. Although the 
optimum working pH is around 3, the Re(hoz)2–Pd/C catalyst showed high activity for reducing ClO4- 
(100 ppb) at pH 5.9 to the 15 ppb U.S.EPA interim health advisory level in the bottle spring water.  
Experiments conducted in synthetic NaCl brine (1~2 M) showed higher ReOx–Pd/C catalyst activity 
than in comparable DI water solutions. However, excess concentration of NO3- in waste IX brine caused a 
65-fold decrease in ClO4- reduction activity by ReOx–Pd/C, most likely by altering the immobilized Re 
component. Pre-treatment of NO3- using In2O3–Pd/Al2O3 improved selectivity for N2 over NH4+ and 
enabled facile ClO4- reduction by the ReOx–Pd/C catalyst. Thus, sequential catalytic treatment is proposed 
for enabling reuse of waste IX brine containing NO3- and ClO4-. 
For implications to environmental remediation and water treatment, these results demonstrate an 
innovative and promising technology to treat recalcitrant contaminants in water, and provide mechanistic 
insights for designing catalysts with enhanced activity, longevity and reduced cost. First, environmental 
remediation is one of the most challenging focuses of scientific research, due to (1) the complexity of 
heterogeneous system, (2) aqueous media that is incompatible with many established and effective 
methods developed for organic solvent environments, (3) low concentration of contaminants and (4) 
requirement of low cost for large scale application. To develop new environmental solutions (besides the 
conventional water treatment processes) that ultimately overcome these challenges, innovative and 
transformative technologies need to be developed. This forms the basis of this thesis research that aims at 
identifying the underlying science and exploring potential breakthroughs. Re, although a rare element, is 
examined as the active abiotic catalytic center in an effort to advance the activity and application scope of 
hydrogenation metals (such as Pd) in water treatment. In biological ClO4- reduction, the key enzyme (i.e., 
perchlorate reductase) contains a coordinated oxomolybdenum cofactor as the active reaction site. Mo is 
much more abundant and thus much cheaper than Re. Therefore, knowledge gained from this thesis 
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research, such as the structure-activity relationship of the two Re(O)(hoz)2Cl isomers, can be transferred 
to the future study of developing synthetic Mo complexes with potentially greater reactivity than 
Re(O)(hoz)2Cl. Second, the sharp contrast between the salt-inhibition of Re(hoz)2–Pd/C and the salt-
resistance of ReOx–Pd/C catalyst clearly demonstrates the importance of coordination structure control 
when developing innovative catalysts for treatment of diverse water sources.  
Inorganic chemistry has well established an integrated system of theories and methods that provide 
numerous possibilities to solve challenging issues and has significantly changed the world. As the 
examples for water treatment, this thesis research demonstrates that (1) coordination with organic ligands 
significantly promotes the environmental sustainability and competitiveness (compared to conventional 
treatment technologies) of the catalytic treatment method, and (2) use of Re achieved an unprecedented 
salt-resistance of Pd-based catalyst to improve the conventional ion-exchange process. However, there are 
still many questions that remain to be answered. For example, why hoz accelerates the reaction between 
Re and ClO4-, while other reported N,O-bidentate ligands do not? Why Re(O)(hoz)2Cl favors N,N-trans 
configuration, while most other reported Re(O)(L)2Cl favors N,N-cis? Is there any connection between 
these two phenomena? Also, can one use rational ligand design to control the Re transformation pathway 
such that less ReO4- will leach at a higher ClO4- concentration? Furthermore, how many elements in 
periodic table can exhibit similar reactive properties to Re, promoting oxyanion reduction and improving 
the salt resistance of hydrogenation metal catalysts?  
This thesis research provides the general blueprint for developing hybrid catalysts combining single-
site transition metal species with metal nanoparticles on a common support material, first compares 
structural and catalytic properties between Re(O)(LO-N)2Cl complex isomers, and first discovered and 
harnessed the salt-resisting property of ReOx–Pd/C in a practical water treatment application. Further 
efforts to answer the remaining questions will contribute to the long-term goal of developing effective, 
stable, sustainable, and inexpensive water treatment catalyst technologies.  
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APPENDIX A 
 
APPENDICES FOR CHAPTER 2 
 
 
Table A.1 Elemental analysis of Re(hoz)2–Pd/C prepared by in situ aqueous adsorption method. 
 
 Pd Re N Cl 
Theoretical 5%a 4.4%b 0.66%b 0%c 
Measured 5.2% 4.6% 0.95% 0.005%
aNominal wt% reported by Sigma-Aldrich. 
bCalculated based on immobilizing an amount of 
Re(O)(hoz)2Cl containing 5 mg of Re into 100 mg of 
Pd/C.  
cAssumes all Cl- associated with the adsorbed 
Re(O)(hoz)2Cl is released to solution (see Figure 3). 
The value would be 0.83 % if none of the Cl- is 
released. 
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Table A.2 Initial rate constants for ClO4- reduction by different preparations of Re(hoz)2–Pd/C. 
 
Entrya Re complex 
sourceb 
In situ adsorption 
time 
Initial rate constant 
(L h-1 gcat-1)c, d 
1 powder 15 min  1.18 ± 0.21 
2 powder 30 min 3.09 ± 0.23 
3 powder 1 h 3.90 ± 0.19 
4 powder 2 h 4.38 ± 0.10 
5 powder 4 h 4.55 ± 0.08 
6 bulk crystal 2 h 1.12 ± 0.11 
7 bulk crystal 24 h 4.28 ± 0.75 
8 powder incipient wetnesse  4.24 ± 1.67 
aAll reactions measured reduction of ClO4- using catalysts with nominal 5 wt% Pd 
and 5 wt% Re. Reaction conditions: 1 mM ClO4-, 0.5 g L-1 catalyst, pH 3, 1 atm H2, 
25C. 
bPowder refers to the small irregularly shaped particles (<50 m) shown in Figure 
A.1 left image. Bulk crystal refers to the larger crystals shown in Figure A.1 right 
image. 
cRate constant determined from pseudo-first-order model fit to the first half-life for 
ClO4- reduction. Rate constants normalized to mass loading of Re(hoz)2-Pd/C. 
dUncertainties indicate triplicate-averaged standard deviations. 
eConducted inside an anaerobic glovebag chamber containing 3% H2 and 97% N2. 
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Table A.3 ClO4- reduction by Re(hoz)2–Pd/C with different Pd/C loadings and Re percentages. 
 
Entrya Pd/C loading Pd wt% Re wt% Re in catalyst suspension kapp (h-1)b 
1 0.5 g L-1 5 1% 0.027 mM 0.29 
2 0.5 g L-1 5 2% 0.054 mM 1.37 
3 0.5 g L-1 5 5% 0.134 mM 2.49 
4 0.5 g L-1 5 10% 0.268 mM 3.45 
5 1.25 g L-1 5 2% 0.134 mM 3.32 
6 0.25 g L-1 5 10% 0.134 mM 1.48 
aAll reactions measured reduction of 1 mM ClO4- at pH 3 and 25C under continuous H2 (1 
atm) sparging. Catalysts prepared by in situ adsorption of Re(O)(hoz)2Cl for 4 h. 
bDetermined from pseudo-first-order model fit to the first three half-lives for ClO4- 
reduction. 
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Table A.4 ClO4- reduction by Re(hoz)2–Pd/C at different pH conditions. 
 
Entrya [ClO4-]0 pH [Cl-]total kapp (h-1)b
1 1 mM 2 10 mMc 2.09 
2 1 mM 3 10 mMd 1.19 
3 1 mM 4 10 mMd 0.22 
4 1 mM 5 10 mMd 0.06 
5 1 mM 6 10 mMd,e 0.02 
6 10 µM 3 1 mM 7.71 
7 10 µM 6 1 mMe 0.53 
aAll reactions measured reduction of ClO4- by 0.5 g L-1 
Re(hoz)2–Pd/C (5 wt% Re, 5 wt% Pd) at 25C under 
continuous H2 (1 atm) sparging. Catalysts prepared by in 
situ adsorption of Re(O)(hoz)2Cl for 4 h. For pH > 3, pH 
maintained by automatic pH stat with NaOH addition. 
bDetermined from pseudo-first-order model fit to the first 
three half-lives for ClO4- reduction. 
cFrom addition of 10 mM HCl. 
dFrom addition of 1 mM HCl and 9 mM NaCl. 
e1 mM phosphate buffer was used to stabilize pH. 
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Figure A.1 Microscope images of the Re(O)(hoz)2Cl powder (left) and bulk crystal (right).   
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Figure A.2 Reduction of 1 mM ClO4- with different loadings of Re(hoz)2–Pd/C catalyst (5 wt% Re, 5 wt% 
Pd) at pH 3, 25C, and 1 atm H2. Lines show pseudo-first-order model fits. Inset shows the linear 
relationship between kapp and catalyst mass loading in the aqueous suspension. 
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Figure A.3 Cl mass balance during ClO4- reduction with Re(hoz)2–Pd/C. Reaction conditions: 0.5 g L-1 
Re(hoz)2–Pd/C (5 wt% Re, 5 wt% Pd), 1 mM (C0) ClO4-, pH 3.0. Values of Cl- concentration calculated 
from measured values after subtracting 1.134 mM Cl- (1 mM from HCl added initially for pH adjustment 
and 0.134 mM Cl- released from Re(O)(hoz)2Cl during immobilization of the Re complex). 
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Figure A.4 Partial 1H−NMR (CD3CN, 500 MHz) spectra of (a) [ReIII(hoz)2(PPh3)(NCCH3)]+ ; (b) after 
mixing [ReIII(hoz)2(PPh3)(NCCH3)]+ with 0.25 equivalent of LiClO4 (containing 1 equivalent of oxygen) 
and 5 mol% [ReV(O)(hoz)2]+ for 1 h  and (c) for 2 h . Free OPPh3 (d) and free PPh3 (e) are shown for 
comparison. Full spectrum of (c) is shown in Figure A.13.  
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Figure A.5 Homogeneous oxidation of Me2S to Me2SO by LiClO4 catalyzed by [Re(O)(hoz)2][OTf]. 
Reaction conditions: 100 mM (C0) Me2S, 25 mM LiClO4, 1 mM [Re(O)(hoz)2][OTf] (1 mol% for OAT) 
in 95/5 CD3CN/D2O, room temperature. Reaction monitored by 1H−NMR. 
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Experimental Sections 
Hhoz ligand and Re compound synthesis 
General Information 
All chemicals for synthesis and homogeneous reactions were purchased from Sigma-Aldrich and 
Alfa-Aesar, and used as received. NMR solvents were purchased from Sigma-Aldrich and Cambridge 
Isotope Laboratories. Unless indicated, all operations were conducted under aerobic conditions. NMR 
(Varian Unity INOVA, 499.693 MHz for 1H, 202.273 MHz for 31P), MS (ESI–Q–TOF MS, Waters Q-
TOF Ultima), and elemental analysis were respectively conducted in the NMR Lab, Mass Spectrometry 
Lab, Microanalysis Lab in School of Chemical Science, UIUC. NMR spectra were processed with 
MestReNova7 (Mestrelab Research).  
Synthesis of Hhoz ligand  
 
The method is modified from the literature procedure for a similar structure.1 In a 50-mL round-
bottom flask, the mixure of 2-hydroxybenzonitrile (3.00 g, 25.2 mmol), ethanolamine (1.85 g, 30.3 mmol) 
and ZnCl2 (0.172 g, 1.26 mmol) was heated in toluene (25 mL) under reflux for 18 hours. Then the 
solvent was removed in vacuo. and the residue was extracted with 3×20 mL of diethylether. The 
combined organic phase was washed with 5×30 mL of water, dried over anhydrous sodium sulfate and 
the solvent was removed in vacuo. The residue was purified by silica-gel column chromatography 
(hexanes/EtOAc = 4/1) to provide the product as a colorless oil, which turned into light pink solid after 
being placed at -20 °C overnight. Yield: 2.93 g (71%). 1H–NMR (500 MHz, CDCl3) δ 12.18 (s, 1H), 7.65 
(dd, J = 7.8, 1.7 Hz, 1H), 7.37 (ddd, J = 8.3, 7.3, 1.8 Hz, 1H), 7.01 (dd, J = 8.3, 1.2 Hz, 1H), 6.87 (ddd, J 
= 7.8, 7.3, 1.2 Hz, 1H), 4.43 (t, J = 9.5 Hz, 2H), 4.11 (t, J = 9.5 Hz, 2H) (Figure A.7). The spectrum 
agrees with the reported data.2 
Synthesis of ReV(O)(PPh3)2Cl3 
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The method is modified from the literature procedure.3 In a 500-mL three-neck flask, KReO4 (4.89 g, 
16.9 mmol), concentrated HCl (35 wt %, 30 mL) and ethanol (150 mL) were heated at 95 °C under N2 
atmosphere. In another 250-mL three-neck flask, PPh3 (26.62 g, 101.5 mmol) was dissolved in 150 mL of 
refluxing ethanol under N2 atmosphere. The PPh3 solution was cannulated through a 16-gauge stainless 
steel tube into the first flask, where the white suspension in a colorless liquid gradually turned green and 
finally formed a yellow suspension. After cannulation, the mixture was further refluxed for 30 min, 
cooled to 60 °C and filtered on a glass frit. The solid was washed with 3×50 mL of boiling ethanol and 
2×50 mL of benzene to afford the product as a bright yellow fine powder. Yield: 13.43 g (95%). The 
product was directly used for the next step. 
Synthesis of ReV(O)(OPPh3)(SMe2)Cl3  
 
The method follows literature procedure.2 In a 500-mL three-neck flask, concentrated HCl (40 mL) 
and DMSO (9 mL) were sequentially added dropwise into a mixture of ReV(O)(PPh3)2Cl3 (10.0 g, 11.8 
mmol) and benzene (250 mL). The fine particles in the suspension immediately coagulated into bigger 
aggregates upon DMSO addition. The suspension was stirred at room temperature for 5 days and it 
gradually turned into a mixture of a pale green solid, a red organic phase and a light purple aqueous 
phase. After filtration, the solid was washed with 4×15 mL of acetone and  4×15 mL of cold (-20 °C) 
dichloromethane to afford the product as a pale green fine powder. Yield: 7.08 g (92%).  The product was 
directly used for the next step. 
Synthesis of ReV(O)(hoz)2Cl 
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The method is modified from the literature procedure.3 In a 200-mL round-bottom flask, a mixture of 
ReV(O)(OPPh3)(SMe2)Cl3 (2.55 g, 3.93 mmol), hoz (1.41 g, 8.65 mmol), 2,6-lutidine (2.32 g, 21.63 mmol) 
and ethanol (150 mL) was refluxed for 48 hours. The mixture turned dark grey in the first several minutes, 
and then gradually turned into a green suspension. After filtration the solid was washed with 4×20 mL 
diethyl ether to afford a green powder. The green powder was dissolved in CH2Cl2 and passed through a 
glass frit filter. The product was obtained as dark green crystals (suitable for single crystal X-ray 
diffraction) by layering pentane on top of the CH2Cl2 solution. Yield: 1.81 g (82%).  1H–NMR (500 MHz, 
CD2Cl2) δ 7.95 (dd, J = 8.1, 1.8 Hz, 1H), 7.70 (dd, J = 8.0, 1.8 Hz, 1H), 7.47 (ddd, J = 8.6, 7.0, 1.8 Hz, 
1H), 7.26 (ddd, J = 8.6, 7.3, 1.8 Hz, 1H), 6.98 (ddd, J = 8.1, 7.2, 1.2 Hz, 1H), 6.90 (dd, J = 8.6, 1.2 Hz, 
1H), 6.84 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H), 6.77 (dd, J = 8.4, 1.1 Hz, 1H), 5.08 (dt, J = 9.9, 8.4 Hz, 1H), 
5.04 – 4.94 (m, 2H), 4.89 (ddd, J = 10.7, 9.6, 8.6 Hz, 1H), 4.79 – 4.68 (m, 2H), 4.27 (ddd, J = 13.0, 10.6, 
9.6 Hz, 1H), 4.18 (ddd, J = 13.0, 10.1, 8.1 Hz, 1H) (Figure A.8). The spectrum agrees with the reported 
data.2 ESI–MS: m/z calculated for C18H16N2O5187Re ([M-Cl]+), 527.06; found, 527.1. Elemental analysis 
(C18H16N2O5ClRe) calculated: C, 38.47%; H, 2.87%; N, 4.98%; Cl, 6.31%; Re, 33.13%, found: C, 
38.13%; H, 2.52%; N, 4.93%; Cl, 6.11%; Re, 32.33%.  
Preparation of ReV(O)(hoz)2Cl powder 
The Re(O)(hoz)2Cl crystals (1.0 g, 1.78 mmol) were dissolved in CH2Cl2 as a near-saturated solution, 
which was added dropwise into pentane (120 mL) under vigorous stirring, forming a suspension of deep 
green powder in an almost colorless liquid. After filtration, the fine powder (Figure A.1) was further 
dried under reduced pressure. 
Synthesis of [ReV(O)(hoz)2][OTf] 
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In a 15-mL round bottom flask, a mixture of ReV(O)(hoz)2Cl powder (100 mg, 0.178 mmol ), AgOTf 
(48 mg, 0.188 mmol) and CD3CN (10 mL) was stirred at room temperature for 1 h. The white AgCl 
precipitate was filtered off through a glass pipette filled with glass wool. 1H–NMR (500 MHz, CD3CN) δ 
7.97 (d, J = 7.8 Hz, 2H), 7.62 (t, J = 7.7 Hz, 2H), 7.14 (t, J = 7.7 Hz, 2H), 7.06 (d, J = 8.5 Hz, 2H), 5.18 
(ddd, J = 10.9, 8.6, 7.0 Hz, 2H), 5.06 (td, J = 10.3, 8.7 Hz, 2H), 4.71 – 4.59 (m, 2H), 4.37 (br, 2H) 
(Figure A.9). The spectrum agrees with the reported data.2 As proposed in literature, the broadened peaks 
are due to the dynamic interconversion of different [ReV(O)(hoz)2]+ structures at room temperature.4 ESI–
MS: m/z calculated for C18H16N2O5187Re (M+), 527.0611; found, 527.1.  
Synthesis of [ReIII(hoz)2(PPh3)(NCCH3)][OTf] and [ReIII(hoz)2(PPh3)2][OTf] 
 
A solution of [ReV(O)(hoz)2][OTf] (120 mg, 0.178 mmol) and PPh3 (233 mg, 0.89 mmol) in 10 mL 
CH3CN was refluxed under N2 atmosphere for 16 h. After cooling, another portion of PPh3 (233 mg, 0.89 
mmol) was added and the solution was refluxed under N2 for another 24 h. The solvent was removed in 
vacuo. The residual dark brown oil was dissolved in 2 mL benzene. The solution was added dropwise into 
15 mL pentane in a glass frit filter. The product precipitated as a sticky dark brown layer on the glass frit, 
while most unreacted PPh3 was washed off in the benzene/pentane filtrate. EtOAc was then added in 
multiple portions to extract the sticky residual and the filtrate was collected as a red-brown solution. Slow 
evaporation of the solvent yielded a mixture of orange-red powder and dark brown sticky oil. Minimal 
amount of EtOAc was added to dissolve the oil while leaving major fraction of the orange-red powder. 
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After multiple rounds of this operation, the powder and oil were significantly separated. 1H–NMR 
suggested that the major component in the brown oil was OPPh3. The powder was recrystallized with 
CH2Cl2/pentane as orange-red long strips. Single crystal X-ray diffraction suggested the molecular 
formula of [Re(hoz)2(PPh3)(NCCH3)][OTf]·CH2Cl2. Yield: 93 mg (54%). 1H–NMR (500 MHz, CD3CN) δ 
41.16 (dt, J = 13.5, 10.0 Hz, 1H, oxazoline-H), 31.76 (dt, J = 14.0, 9.5 Hz, 1H, oxazoline-H), 28.15 (dt, J 
= 13.8, 9.6 Hz, 1H, oxazoline-H), 24.99 – 24.84 (m, 1H, oxazoline-H), 22.64 (dd, J = 9.0, 1.7 Hz, 1H, 
phenol-H), 21.68 (dd, J = 8.9, 1.7 Hz, 1H, phenol-H), 16.79 (td, J = 9.7, 6.5 Hz, 1H, oxazoline-H), 15.81 
(q, J = 9.5 Hz, 1H, oxazoline-H), 13.18 (q, J = 9.5 Hz, 1H, oxazoline-H), 12.81 (q, J = 9.4 Hz, 1H, 
oxazoline-H), 11.39 (d, J = 7.6 Hz, 6H, PPh3-o-H), 8.93 (ddd, J = 8.5, 6.8, 1.8 Hz, 1H, phenol-H), 8.75 (t, 
J = 7.7 Hz, 6H, PPh3-m-H), 8.60 (t, J = 7.5 Hz, 3H, PPh3-p-H), 6.29 (ddd, J = 8.6, 6.8, 1.8 Hz, 1H, 
phenol-H), -17.80 – -17.91 (m, 2H, phenol-H), -34.60 (d, J = 8.6 Hz, 1H, phenol-H), -36.37 (d, J = 8.5 Hz, 
1H, phenol-H) (Figure A.10). 31P–NMR spectroscopy did not show resonance due to the paramagnetic d4 
ReIII center.5,6 ESI–MS: m/z calculated for C36H31N2O4P187Re ([M-CH3CN]+), 773.16; found, 773.2. 
Elemental analysis (C39H34F3N3O7PReS, after vacuum removal of lattice CH2Cl2 in the crystal) 
calculated: C, 48.65%; H, 3.56%; F, 5.92%; N, 4.36%; P, 3.22%; Re, 19.34%; S, 3.33%, found: C, 
47.86%; H, 3.51%; F, 5.29%; N, 4.23%; P, 2.94%; Re, 17.97%; S, 3.10%.  
The undissolved solid on the glass frit filter after EtOAc extraction was dissolved in CH2Cl2 as an 
orange-red solution. Crystallization with CH2Cl2/EtOAc yielded orange-red prisms. Single crystal X-ray 
diffraction suggested the molecular formula of [Re(hoz)2(PPh3)2][OTf]. Yield: 3.2 mg (1.7%). 1H–NMR 
(500 MHz, CD3CN) δ 39.43 (q, J = 10.2 Hz, 2H, oxazoline-H), 34.05 (m, 2H, oxazoline-H), 25.76 (dd, J 
= 9.0, 1.4 Hz, 2H, phenol-H), 15.60 (m, 2H, oxazoline-H), 12.68 (q, J = 8.6 Hz, 2H, oxazoline-H), 8.90 (t, 
J = 7.7 Hz, 6H, PPh3-p-H), 8.41 (d, J = 7.7 Hz, 12H, PPh3-o-H), 8.18 – 8.14 (m, 14H, PPh3-m-H and 
phenol-H), -24.34 (dd, J = 8.7, 7.0 Hz, 2H, phenol-H), -43.47 (d, J = 8.6 Hz, 2H, phenol-H) (Figure 
A.11). 31P–NMR spectroscopy did not show resonance due to the paramagnetic d4 ReIII center.5,6 ESI–MS: 
m/z calculated for C54H46N2O4P2187Re (M+), 1035.25; found, 1035.3. The product amount was not 
sufficient for elemental analysis. 
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Re(hoz)2-Pd/C catalyst preparation, heterogeneous ClO4- reduction and characterization 
Materials and Reagents 
A nominal 5 wt% Pd/C (Sigma-Aldrich, Degussa type E101 NO/W wet support) was wet sieved for 
the <37 μm fraction, dried under air at 110 °C for 2 h and heated under H2 flow at 250 °C for 1 h. The 
surface area (892 m2 g-1) and pore volume (0.235 cm3 g-1) of Pd/C were measured by N2 
adsorption/desorption at 77 K on (Micromeritics ASAP 2010). As previously characterized by STEM, the 
size of immobilized Pd nanoparticles ranged widely from 1.5 nm to >8 nm (4 nm on average).7 Aqueous 
solutions were prepared using deionized (DI) water (Barnstead Nanopure system; resistivity >17.5MΩ 
cm). Ultra-high purity H2 gas (99.999%, Matheson) was used for catalysis. Unless specified, all inorganic 
chemicals were used as received from Alfa-Aesar or Sigma-Aldrich. 
Immobilization of Re(O)(hoz)2Cl in Pd/C by in situ aqueous adsorption.  
To prepare a typical 0.5 g L-1 suspension of Re(hoz)2–Pd/C catalyst containing nominally 5 wt% Re 
and 5 wt% Pd, a 50-mL pear-shaped flask was sequentially loaded with 3.8 mg of Re(O)(hoz)2Cl, 25 mg 
of Pd/C and a magnetic stir bar. The flask was manually shaken to let the Re(O)(hoz)2Cl powder and Pd/C 
physically mixed together. Fifty mL of water (pH = 3 by 1 mM HCl) was then introduced and the flask 
was sealed with a rubber stopper and sonicated for 2 min with occasional shaking. The flask was then 
placed in a 25 °C water bath and sparged with H2 through two stainless steel needles which penetrated the 
stopper as gas inlet and outlet (through a silicon oil bubbler to fume hood atmosphere), respectively. The 
suspension was stirred at 1100 rpm under 1 atm H2 for 4 h to allow an adequate transfer of the Re 
complex from the bulk powder phase to the water-Pd/C interface. 
Immobilization of Re(O)(hoz)2Cl in Pd/C by incipient wetness 
This approach was conducted in an anaerobic atmosphere (~97% N2 and ~3% H2 glovebag; Coy 
Labs) to compare with the aqueous adsorption method performed under bench top conditions. For the 
same catalyst loading described above, a 50-mL eggplant flask was loaded with 25 mg of Pd/C. The 
solution of 3.8 mg Re(O)(hoz)2Cl in 0.6 mL of dichloromethane was added to the Pd/C powder in 
multiple portions. Each portion of the solvent was removed by vacuum before adding the next. Fifty mL 
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of water (1 mM HCl, deoxygenated) and a magnetic stir bar were then added and the flask was sealed by 
a rubber stopper and removed from the glovebag. After sonication for 2 min, H2 sparging was initiated 
and the flask was placed in the 25 °C water bath to prepare for reaction with ClO4-. 
Perchlorate reduction and water sample analysis 
When DI water was used for catalyst preparation, the pH dropped from 5.9 to 3.6 upon H2 sparging in 
the Pd/C suspension.8 Standard 1 N HCl solution (Acros Organics) was added to adjust the initial pH to 
3.0 (1 mM HCl), which decreased no more than 0.1 unit throughout the catalyst preparation and ClO4- 
reduction. Reactions were initiated by introducing ClO4- from stock solution (0.2 M NaClO4) through the 
H2 outlet needle. Suspension aliquots were then periodically collected from the H2 outlet needle and 
immediately filtered (0.45-μm cellulose membrane). Reduction of chlorate (KClO3) and chlorite (NaClO2, 
80% technical grade) were also conducted using the same approach. ClO4- and ReO4- were measured by 
ion chromatography (Dionex ICS-2000, IonPac AS16 column, 1.2 mL min-1 flow rate, 65 mM KOH 
eluent, 30 °C column temperature). ClO3-, ClO2- and Cl- were analyzed on an IonPac AS18 column (1.0 
mL min-1 flow rate, 32 mM KOH eluent, 30 °C column temperature) on the same system. Total dissolved 
Re was determined by inductively coupled plasma-optical emission spectrometry (ICP–OES, 
PerkinElmer Optima 2000DV).  
Preparation of other Re–Pd/C catalysts 
The ReOx–Pd/C catalyst was prepared from reductive immobilization of  ReO4- in Pd/C.9 A 50-mL 
pear-shaped flask was loaded with 25 mg of Pd/C, 50 mL of water (1 mM HCl) added with 0.134 mM 
NH4ReO4. After sonication for 1 min, the flask was sealed and placed in a 25 °C water bath and sparged 
with H2 for 12 h to ensure most ReO4- was reductively immobilized.10 For ligand enhanced ReOx–Pd/C 
catalysts, the ligand (DMAP, hoz and 2-methyloxazoline) and ReO4- were added together at the 2:1 molar 
ratio in the Pd/C suspension before H2 sparging. Organic ligands were found to enhance the rate of 
reductive immobilization of ReO4-.8,11 
Catalyst characterization 
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Re(hoz)2–Pd/C and other Re–Pd/C catalysts were collected inside the anaerobic glovebag from 
selected batch reactions by vacuum filtration and dried at 110 °C (sand bath). The Re and Pd contents 
were determined by ICP–OES after a microwave digestion with HNO3–H2O2. The N and Cl contents 
were determined by CHN and halide analysis. X-ray photoelectron spectroscopy (XPS) was used to 
characterize the oxidation states of immobilized Re and Pd. Dried catalyst powders were loaded onto 
copper conductive tape inside the glovebag, and transported in an anoxic sample chamber to the X-ray 
photoelectron spectrometer (Physical Electronics PHI 5400) equipped with a monochromatized Mg Kα 
source. The C 1s peak of the carbon (284.5 eV) was used for binding energy (BE) normalization. Spectra 
were processed using CasaXPS software. The Re 4f and Pd 3d spectra were fit by constraining the 
separation of characteristic doublet peaks (e.g. 2.43 eV for Re, 5.26 eV for Pd) and the ratio of doublet 
peak areas (e.g. 4:3 for Re, 3:2 for Pd).12 
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[Re(O)(hoz)2(PR3)]+ formation 
At room temperature the addition of PPh3 immediately converted the dark green [ReV(O)(hoz)2]+ into 
a yellow species in CH3CN. As monitored with 1H–NMR, a complete conversion was achieved by adding 
at least 20 equivalents of PPh3 (Table A.5, entries 1 to 7). Other phosphines with elevated electron 
donating capabilities, such as tri(p-tolyl)phosphine (Ptol3) and tris(4-methoxyphenyl)phosphine 
(P(MeOPh)3), favored the formation of the similar yellow products (Table A.5, entries 8 to 11). The 
conversion of 87% of the total Re into the new structure by 1 equivalent of P(MeOPh)3 indicates that only 
1 equivalent of PR3 participated in reaction. The diamagnetic 1H–NMR resonance and the more shielded 
31P–NMR peak of the products (e.g., δ -17.1 for products from PPh3 vs. δ -4.7 for free PPh3 in Figure 
A.6a) suggest the formation of a PR3-coordinated ReV species5, [ReV(O)(hoz)2(PR3)]+, rather than ReIII 
species at room temperature.  
Table A.5. Reactions between [Re(O)(hoz)2]+ and phosphines at room temperature.  
Entry PR3  PR3/Re molar ratio [Re(O)(hoz)2(PR3)]+/[Re(O)(hoz)2]+ a 
1 PPh3 1.1 17:83 
2 2.0 75:25 
3 3.3 83:17 
4 5.0 86:14 
5 10.0 94:6 
6 20.0 > 99:1 
7 30.0 > 99:1 
    
8 Ptol3 1.0 29:71 
9 3.0 95:5 
10 5.0 97:3 
    
11 P(OMePh)3 1.0 87:13 
aMeasured by 1H–NMR on the isolated resonances of [Re(O)(hoz)2(PR3)]+ and [Re(O)(hoz)2]+ 
structures in the aliphatic region. 
 
A CH3CN solution (2 mL) of [ReV(O)(hoz)2][OTf] (0.0144 mmol) was added with PPh3 (76 mg, 
0.288 mmol). After stirring for 1 h, the solvent was removed in vacuo. The yellow-brown solid product 
was washed thoroughly with diethyl ether to remove free PPh3 and dried. Redissolving the product 
resulted in a mixture of [ReV(O)(hoz)2(PPh3)]+, [ReV(O)(hoz)2]+ and free PPh3, suggesting a reversible 
equilibrium: 
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1H–NMR (500 MHz, CD3CN) resonance of [ReV(O)(hoz)2(PPh3)]+ was partially identified due to the 
resonance overlap with free PPh3 (20 equivalents present) in the aromatic region: δ 8.02 (dd, J = 8.3, 1.8 
Hz, 1H), 6.99 (t, J = 7.7 Hz, 1H), 6.92 (t, J = 7.6 Hz, 1H), 6.82 (d, J = 8.4 Hz, 1H), 4.85 – 4.78 (m, 2H), 
4.75 – 4.70 (m, 1H), 4.45 – 4.38 (m, 2H), 4.23 – 4.16 (m, 1H), 4.12 – 4.06 (m, 1H), 3.49 (ddd, J = 13.2, 
10.5, 6.7 Hz, 1H) (Figure A.12). ESI–MS (sample substantially diluted with CH3CN) only found the 
peaks for [ReV(O)(hoz)2]+.  
 
 
Figure A.6. 31P–NMR spectra of [Re(O)(hoz)2(PPh3)]+ in the presence of 20 equivalents of PPh3 (a) and 
the reaction mixtures upon sequentially adding 0.5 (b), 1 (c), 2 (d), 4 (e) and 8 (f) equivalents of LiClO4 
(each molecule containing four oxygen atoms) and reacting for 15 min.  
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(a)
(b)
(c)
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(e)
(f)
OPPh3
PPh3
[Re(O)(hoz)2(PPh3)]+
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Homogeneous ClO4- reduction by ReV and ReIII species 
ReV-catalyzed ClO4- reduction with sulfide 
 
A 5-mm NMR tube was loaded with 0.95 mL of CD3CN solution containing 1 mM 
[Re(O)(hoz)2][OTf] and 100 mM Me2S. An aliquot of 50 µL of LiClO4 solution (0.5 M) in D2O was 
added into the NMR tube. This made an approximate 1 mol% of Re for the oxygen atom transfer from 
ClO4- to Me2S to yield Me2SO. Immediately after the mixing, the NMR sample was loaded in the 
spectrometer. The catalysis was monitored with 1H–NMR by quantifying the methyl resonance 
integration areas of Me2S and Me2SO (Figure A.5). When the Re loading was elevated to 10 mM (10 mol% 
for OAT), the ClO4- reduction went to completion within 15 min. Only Re(O)(hoz)2Cl resonances were 
detected throughout the reaction under both conditions due to the production of Cl- from ClO4-. 
ReV-catalyzed ClO4- reduction with phosphine 
 
A 5-mm NMR tube was loaded with 0.7 mL of CD3CN solution containing 10 mM 
[Re(O)(hoz)2][OTf] (0.007 mmol) and 200 mM PPh3 (38 mg, 0.145 mmol). The LiClO4 solution (0.5 M 
in CD3CN) was added in multiple spikes. About 15 min was allowed for reaction between each LiClO4 
spike and the following 31P–NMR measurement (Figure A.6). Results suggested that, in the presence of 
excess PPh3 the hoz-coordinated ReV efficiently catalyzed ClO4- reduction. Excess LiClO4 led to a 
complete oxidation of PPh3 to OPPh3.  
Reaction between ClO4- and [ReIII(hoz)2(PPh3)(NCCH3)]+ 
A 5-mm NMR tube was loaded with [Re(hoz)2(PPh3)(NCCH3)][OTf] (9.6 mg, 0.01 mmol) and 0.6 
mL of CD3CN. After LiClO4 (in CD3CN) was added in the ReIII solution, the conversion of 
[ReIII(hoz)2(PPh3)(NCCH3)]+ was monitored with 1H–NMR at different time intervals. For the 
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diamagnetic product after full oxidation with LiClO4: 1H–NMR (500 MHz, CD3CN) δ 7.99 (dd, J = 8.0, 
1.7 Hz, 1H), 7.68 – 7.64 (m, 3H), 7.58 – 7.51 (m, 7H), 7.48 – 7.45 (m, 6H), 7.35 (ddd, J = 8.7, 7.1, 1.8 Hz, 
1H), 7.27 (dd, J = 8.1, 1.7 Hz, 1H), 7.16 (dd, J = 8.6, 1.1 Hz, 1H), 7.14 (dd, J = 8.6, 1.1 Hz, 1H), 7.05 
(ddd, J = 8.2, 7.2, 1.1 Hz, 1H), 6.63 (ddd, J = 8.0, 7.0, 1.1 Hz, 1H), 4.77 – 4.87 (m, 2H), 4.28 (ddd, J = 
11.1, 8.5, 7.2 Hz, 1H), 4.11 (ddd, J = 13.1, 10.0, 7.9 Hz, 1H), 3.79 (ddd, J = 13.3, 10.9, 9.4 Hz, 1H), 3.69 
(ddd, J = 10.8, 9.7, 8.5 Hz, 1H), 3.38 – 3.29 (m, 1H), 3.23 (ddd, J = 13.1, 10.9, 7.1 Hz, 1H) (Figure A.13). 
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NMR spectra and crystallography data 
 
Figure A.7. 1H–NMR (500 MHz, CDCl3) of hoz. 
 
Figure A.8. 1H–NMR (500 MHz, CD2Cl2) of ReV(O)(hoz)2Cl. 
Syringe silicone
Syringe silicone
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Figure A.9. 1H–NMR (500 MHz, CD3CN) of [ReV(O)(hoz)2][OTf]. 
 
 
Figure A.10. 1H–NMR (500 MHz, CD3CN) of [ReIII(hoz)2(PPh3)(NCCH3)][OTf]. 
*
CH2Cl2
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Figure A.11. 1H–NMR (500 MHz, CD3CN) of [ReIII(hoz)2(PPh3)2][OTf]. 
 
Figure A.12. 1H–NMR (500 MHz, CD3CN) of [ReV(O)(hoz)2(PPh3)][OTf] in the presence of 20 
equivalents of PPh3. 
OPPh3
*
PPh3
coordinated PPh3 *
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Figure A.13. 1H–NMR (500 MHz, CD3CN) of the oxidation product from [ReIII(O)(hoz)2(PPh3)][OTf] 
and LiClO4. The reaction was catalyzed by 5 mol% [ReV(O)(hoz)2][OTf] for 2 h. 
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Table A.6. Crystal data and structure refinement for Re(O)(hoz)2Cl. 
 
Empirical formula  C18 H16 Cl N2 O5 Re 
Formula weight  561.98 
Temperature  193(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/c   
Unit cell dimensions a = 9.2210(9) Å = 90°. 
 b = 7.9281(8) Å = 95.854(4)°. 
 c = 23.284(2) Å  = 90°. 
Volume 1693.3(3) Å3 
Z 4 
Density (calculated) 2.204 Mg/m3 
Absorption coefficient 7.370 mm-1 
F(000) 1080 
Crystal size 0.492 x 0.266 x 0.206 mm3 
Theta range for data collection 1.76 to 25.69°. 
Index ranges -11<=h<=11, -9<=k<=9, -28<=l<=27 
Reflections collected 23771 
Independent reflections 3209 [R(int) = 0.0239] 
Completeness to theta = 25.69° 99.7 %  
Absorption correction Integration 
Max. and min. transmission 0.4314 and 0.1966 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3209 / 0 / 244 
Goodness-of-fit on F2 1.033 
Final R indices [I>2sigma(I)] R1 = 0.0286, wR2 = 0.0763 
R indices (all data) R1 = 0.0300, wR2 = 0.0772 
Largest diff. peak and hole 1.741 and -1.198 e.Å-3 
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Table A.7. Selected bond lengths [Å] and angles [°] for Re(O)(hoz)2Cl. 
 
Re(1)-O(1)  1.671(5) 
Re(1)-O(2)  1.977(4) 
Re(1)-O(4)  1.989(4) 
Re(1)-N(2)  2.039(5) 
Re(1)-N(1)  2.090(5) 
Re(1)-Cl(1)  2.3828(15) 
 
O(1)-Re(1)-O(2) 170.9(2) 
O(1)-Re(1)-O(4) 97.4(2) 
O(2)-Re(1)-O(4) 85.54(18) 
O(1)-Re(1)-N(2) 99.8(2) 
O(2)-Re(1)-N(2) 88.80(18) 
O(4)-Re(1)-N(2) 89.37(18) 
O(1)-Re(1)-N(1) 90.5(2) 
O(2)-Re(1)-N(1) 81.10(18) 
O(4)-Re(1)-N(1) 86.33(18) 
N(2)-Re(1)-N(1) 169.3(2) 
O(1)-Re(1)-Cl(1) 92.66(17) 
O(2)-Re(1)-Cl(1) 83.92(13) 
O(4)-Re(1)-Cl(1) 169.22(14) 
N(2)-Re(1)-Cl(1) 92.66(14) 
N(1)-Re(1)-Cl(1) 89.80(14) 
   
164 
 
Table A.8. Crystal data and structure refinement for [Re(hoz)2(PPh3)(NCCH3)][OTf]·CH2Cl2. 
 
Empirical formula  C40 H36 Cl2 F3 N3 O7 P Re S 
Formula weight  1047.85 
Temperature  177(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/n   
Unit cell dimensions a = 12.0890(19) Å = 90°. 
 b = 9.0476(14) Å = 91.534(2)°. 
 c = 36.982(6) Å  = 90°. 
Volume 4043.5(11) Å3 
Z 4 
Density (calculated) 1.721 Mg/m3 
Absorption coefficient 3.296 mm-1 
F(000) 2079.8 
Crystal size 0.46 x 0.27 x 0.028 mm3 
Theta range for data collection 1.76 to 26.41°. 
Index ranges -15<=h<=15, -11<=k<=11, -46<=l<=46 
Reflections collected 47940 
Independent reflections 8256 [R(int) = 0.0419] 
Completeness to theta = 26.41° 99.5 %  
Absorption correction Integration 
Max. and min. transmission 0.9187 and 0.3114 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 8256 / 461 / 654 
Goodness-of-fit on F2 1.030 
Final R indices [I>2sigma(I)] R1 = 0.0214, wR2 = 0.0498 
R indices (all data) R1 = 0.0266, wR2 = 0.0522 
Largest diff. peak and hole 0.782 and -0.441 e.Å-3 
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Table A.9. Selected bond lengths [Å] and angles [°] for [Re(hoz)2(PPh3)(NCCH3)][OTf]·CH2Cl2. 
 
Re(1)-O(3)  1.9754(18) 
Re(1)-O(1)  1.9992(18) 
Re(1)-N(3)  2.072(2) 
Re(1)-N(2)  2.091(2) 
Re(1)-N(1)  2.116(2) 
Re(1)-P(1)  2.4267(7) 
 
O(3)-Re(1)-O(1) 174.89(7) 
O(3)-Re(1)-N(3) 88.11(8) 
O(1)-Re(1)-N(3) 94.34(8) 
O(3)-Re(1)-N(2) 85.90(8) 
O(1)-Re(1)-N(2) 91.27(8) 
N(3)-Re(1)-N(2) 172.38(8) 
O(3)-Re(1)-N(1) 89.73(8) 
O(1)-Re(1)-N(1) 85.98(8) 
N(3)-Re(1)-N(1) 86.10(9) 
N(2)-Re(1)-N(1) 89.17(8) 
O(3)-Re(1)-P(1) 95.29(6) 
O(1)-Re(1)-P(1) 89.06(5) 
N(3)-Re(1)-P(1) 92.99(7) 
N(2)-Re(1)-P(1) 92.24(6) 
N(1)-Re(1)-P(1) 174.87(6) 
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Table A.10 Crystal data and structure refinement for [Re(hoz)2(PPh3)2][OTf]. 
 
Empirical formula  C55 H46 F3 N2 O7 P2 Re S 
Formula weight  1184.14 
Temperature  183 K 
Wavelength  1.54178 Å 
Crystal system  Orthorhombic 
Space group  P 21 21 21 
Unit cell dimensions a = 11.2090(4) Å = 90°. 
 b = 11.6194(4) Å = 90°. 
 c = 37.5809(14) Å  = 90°. 
Volume 4894.6(3) Å3 
Z 4 
Density (calculated) 1.607 Mg/m3 
Absorption coefficient 6.446 mm-1 
F(000) 2376 
Crystal size 0.240 x 0.231 x 0.148 mm3 
Theta range for data collection 2.35 to 68.21°. 
Index ranges -13<=h<=13, -13<=k<=13, -44<=l<=44 
Reflections collected 20878 
Independent reflections 20830 [R(int) = 0.0000] 
Completeness to theta = 68.21° 98.8 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.438813 and 0.243357 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 20830 / 331 / 714 
Goodness-of-fit on F2 1.059 
Final R indices [I>2sigma(I)] R1 = 0.0329, wR2 = 0.0825 
R indices (all data) R1 = 0.0348, wR2 = 0.0843 
Absolute structure parameter -0.007(6) 
Largest diff. peak and hole 1.627 and -0.949 e.Å-3 
   
167 
 
Table A.11 Selected bond lengths [Å] and angles [°] for [Re(hoz)2(PPh3)2][OTf]. 
 
Re(1)-O(1)  1.980(2) 
Re(1)-O(3)  1.986(2) 
Re(1)-N(1)  2.105(3) 
Re(1)-N(2)  2.110(3) 
Re(1)-P(1)  2.4558(9) 
Re(1)-P(2)  2.4687(9) 
 
O(1)-Re(1)-O(3) 175.56(9) 
O(1)-Re(1)-N(1) 84.95(10) 
O(3)-Re(1)-N(1) 91.25(10) 
O(1)-Re(1)-N(2) 91.54(11) 
O(3)-Re(1)-N(2) 85.67(10) 
N(1)-Re(1)-N(2) 82.75(10) 
O(1)-Re(1)-P(1) 86.07(7) 
O(3)-Re(1)-P(1) 96.27(7) 
N(1)-Re(1)-P(1) 90.10(8) 
N(2)-Re(1)-P(1) 172.64(8) 
O(1)-Re(1)-P(2) 97.22(7) 
O(3)-Re(1)-P(2) 86.23(7) 
N(1)-Re(1)-P(2) 172.01(8) 
N(2)-Re(1)-P(2) 89.49(8) 
P(1)-Re(1)-P(2) 97.72(3) 
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APPENDIX B 
 
APPENDICES FOR CHAPTER 3 
 
 
 
Figure B.1 Partial 1H NMR (500 MHz, 95/5 CD3CN/D2O) spectra of the homogeneous reaction mixture 
after ClO4- reduction was completed using (a) cation 3 and (b) cation 4. Reaction conditions: 
[Re(O)(hoz)2]+ (12 mM), LiClO4 (30 mM) and Me2S (240 mM) in 95/5 (v/v) CD3CN/D2O.   
(a)
(b)
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Figure B.2 (a) Reaction profile and (b) partial 1H NMR (500 MHz, 95/5 CD3CN/D2O) spectra of the 
homogeneous reaction mixture using cation 4 at corresponding time points. Reaction conditions: 
[Re(O)(hoz)2]+ (12 mM), LiClO4 (30 mM) and Me2S (240 mM) in 95/5 (v/v) CD3CN/D2O. 
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Figure B.3 Adsorption at 500 nm after 0.25 mM [Re(O)(hoz)2]+ cation 3 (a) and 4 (b) was mixed with 
0.25 to 2.5 mM LiClO4 in 95/5 CH3CN/H2O. 
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Figure B.4 Adsorption at 500 nm after 0.25 mM [Re(O)(hoz)2]+ cation 3 (a) and 4 (b) was mixed with 25 
to 500 mM LiClO4 in 95/5 CH3CN/H2O.  
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Figure B.5 UV-vis adsorption of the mixture after 0.25 mM [Re(O)(hoz)2]+ cations was mixed with 0.25 
mM LiClO4 in 95/5 CH3CN/H2O within 30 min. 
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Figure B.6 Chloride release from Re(O)(hoz)2Cl precursors during the aqueous adsorption 
immobilization process.  
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Figure B.7 1H NMR (CDCl3, 500 MHz) spectrum of N,N-trans Re(O)(hoz)2Cl (1) (from single crystal 
growth mother liquid). Solvent impurity peaks are assigned based on literature database.1    
 
 
Figure B.8 1H NMR (CD3CN, 500 MHz) spectrum of N,N-trans Re(O)(hoz)2Cl (1) (prepared as 
decribed).   
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Figure B.9 1H NMR (CDCl3, 500 MHz) spectrum of N,N-cis Re(O)(hoz)2Cl (2).  
 
 
Figure B.10 1H NMR (CD3CN, 500 MHz) spectrum of N,N-cis Re(O)(hoz)2Cl (2).  
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Figure B.11 1H NMR (CD3CN, 500 MHz) spectrum of [Re(O)(hoz)2]+ (3) from N,N-trans Re(O)(hoz)2Cl.  
 
 
Figure B.12 1H NMR (CD3CN, 500 MHz) spectrum of [Re(O)(hoz)2]+ (4) from N,N-cis Re(O)(hoz)2Cl.  
H in
CD3CN
H2O
Residual 
EtOHResidual 
EtOH
H in
CD3CN
H2O
178 
 
 
Figure B.13 1H NMR (CD3CN, 500 MHz) spectrum of [H2hoz][Re(O)(hoz)Cl3]. Asterisks indicate an 
uncharacterized impurity. 
 
 
Figure B.14 1H NMR (CD3CN, 500 MHz) spectrum of [H-di-tBu-Py][Re(O)(hoz)Cl3]. 
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Figure B.15 1H NMR (CDCl3, 500 MHz) spectrum of the mixture of N,N-trans and N,N-cis 
Re(O)(hoz)2Cl synthesized from [H-di-tBu-Py][Re(O)(hoz)Cl3] solid.  
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Figure C.1 Effect of cations on Re(hoz)-Pd/C catalyst at pH 3 with 10 mM monovalent and 5 mM 
divalent cations added. Reaction condition: 1 mM ClO4-, 0.5 g L-1 Re(hoz)-Pd/C, Cchloride = 10 mM. Error 
bars indicate triplicate-averaged standard deviations.   
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Table D.1 Comparison of chloride effects on different metal surface-mediated reduction technologies. 
 
Catalyst / 
surface 
Substrate [Cl-] 
(ppm) 
Effectsa Proposed mechanism Source  
Re−Pd/C ClO4- 36,400-
72,800 
300% 
activity 
enhancement 
see discussion this study 
      
Pd/C ClO3- 36,400 80% activity 
decrease 
competitive sorption / 
Pd poisoning  
this study 
      
Pd/Al2O3 BrO3- 25 33% activity 
decrease 
competitive sorption 1 
      
Cu-Pd/Al2O3 NO3- 50 35% activity 
decrease 
competitive sorption / 
induced substrate 
repulsion / coordination 
with Cu 
2 
Cu-Pd/Al2O3 NO3- 1,000 complete 
activity loss 
and Cu 
dissolution 
      
nZVI ClO4- 36,400 Similar 
overall 
activityb  
sorption to iron surface  3 
      
Iron filings  ClO4- 100-1,000 40%-90% 
decrease of 
removal 
efficiency 
competitive sorption to 
iron surface 
4 
      
Metal 
electrodes 
ClO4- NAc self-
inhibition by 
Cl- product 
strong sorption to 
electrode 
5 
aCompared with the identical or similar conditions with no NaCl added. 
bSorption of concentrated Cl- cancelled out the benefit of Cl- which broke down the passivating Fe oxide layer and 
exposed more reactive ZVI surface.3  
cData not available. 
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Table D.2 Summary of experimentally measured pH readings and literature reports of pH or H0 
(Hammett acidity) for solutions where low concentrations of HCl were added to high concentration NaCl 
salt solutions. 
 pH meter readings Literature pH/H0 values 
1 mM HCl   
DI water 3.01a      
1 M NaCl 2.95a      
2 M NaCl 2.76a 2.68b     
       
2 mM HCl    
DI water 2.71a      
1 M NaCl 2.62a      
2 M NaCl 2.43a 2.40b     
       
10 mM HCl    
DI water 2.02a      
1 M NaCl 1.91a      
2 M NaCl 1.71a 1.62b     
       
100 mM HCl    
DI water 1.04a   1.10c 0.98d  
1 M NaCl 0.87a   0.84e 0.84f  
2 M NaCl 0.69a 0.64b  0.72e 0.71f  
3 M NaCl    0.60e 0.58f  
4 M NaCl    0.45e 0.45f 0.43g 
1 M CaCl2    0.80h 0.75h  
aMeasured pH in this study with a Thermo Orion 8272 BN PerpHecT ROSS Sure-Flow electrode 
calibrated against pH 1.68 and 4.00 reference standards (Fisher Scientific).  
bMeasured pH in this study with a Radiometer Analytical PHC2401-8 electrode calibrated against 
pH 1.68 and 4.00 reference standards (Fisher Scientific).  
cExperimental pH value with a glass electrode from Ref 6. 
dH0 value reported by Ref 7. 
eCalculated H0 corrected for indicator salting-out effect.8   
fExperimental H0 values reported in Ref 9 and summarized in Ref 8. 
gExperimental pH value with a hydrogen electrode and corrected for liquid junction potential.10 
hExperimental pH values with a glass electrode and a hydrogen electrode respectively. Values are 
estimated from the review literature (Fig. 2 in Ref 11). 
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Table D.3 Elemental analysis result on Re−Pd/C catalyst and brine solution after the treatment. 
 Re Pd 
Re−Pd/C freshly prepared 4.52% a 4.44% a 
Re−Pd/C after waste IX brine treatment 4.96% a 4.69% a 
Aqueous phase after brine treatment ND b ND b 
aDetermined by ICP-OES after microwave digestion of catalyst solids.  
bNot detected by ICP-OES (detection limit ~0.1 ppm in concentrated brine matrix). Complete dissolution of Re or 
Pd would have yielded 100 ppm aqueous phase concentration. 
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Figure D.1 XPS spectra of Re on 5 wt% Re - 5 wt% Pd/C catalysts prepared by H2 reduction of ReO4- 
added to Pd/C suspensions in (a) DI water and (b) synthetic NaCl-only brine, and (c) the brine-prepared 
catalyst collected after treatment of excess NO3- and ClO4- in the IX regenerant waste brine (i.e., 
deactivated catalyst). Spectral fits indicate a mixture of surface Re species, one with a characteristic Re 
4f7/2 binding energy of 43.2 eV, which matches closest with ReV reference standards, and a second 
component with Re 4f7/2 binding energy of 41.2 eV, which matches closest with a ReI reference 
standard.12   
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Figure D.2 XPS spectra of Pd on 5 wt% Re - 5 wt% Pd/C catalysts prepared by H2 reduction of ReO4- 
added to Pd/C suspensions in (a) DI water and (b) in synthetic NaCl brine, and (c) the brine-prepared 
catalyst collected after treatment of excess NO3- and ClO4- in the IX regenerant waste brine (i.e., 
deactivated catalyst). No Pd species other than Pd0 (3d5/2 binding energy of 335.5 eV) were detected.13 
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Figure D.3 Reduction of 100 ppm ClO4- at pH 2.7 with 2 g/L of Re−Pd/C catalyst (closed symbols) (a) 
after its use for treating 1570 ppm NO3- (25 mM) in DI water at pH 2.7, and (b) without treating NO3- but 
pre-sparged with H2 for the same amount of time as the NO3- pretreatment step in panel (a). Lines show 
pseudo-first-order model fits with mass-normalized rate constants (uncertainty indicates 95% confidence 
intervals). The term “washing” indicates that air/NaOCl oxidation and DI water washing on a filter to 
remove Re from the catalyst. A new 5 wt% Re was immobilized in the “after washing” Pd/C for the 
second batch of 100 ppm ClO4- reduction (open symbols). The slight increase in reactivity after washing 
in (b) is attributed to the fact that catalysts contained >5 wt% Re after reapplication due to the residual Re 
in carbon matrix that was not completely removed by the washing step. 
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